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A  Frnctographic  Analysis  of  Flaw  Growth  in  a  High  Strength 

Titanium  Alloy 


•  HAV'll)  HOliPPNFR 

Professor,  Collegi '  of  P.ngineering.  University  of  Missouri,  Columbia.  Missouri  f>MOI 

U.S.A. 


LI)  no  US  SOU,:  If  you  were  educated  In  the  fifties  or  earlier,  you  are  probably 
unaw  are  of  a  modem  design  method  bused  on  the  defeet  toleranee  approach.  In  the  old 
days,  metallurgical  designs  were  based  on  the  simple  parameters  of  ultimate  tensile 
strength.  hardness  and/or  fatigue  strength.  As  many  of  us  recall,  these  parameters  -cere 
alw  ays  determined  throne, It  the  use  of  unflawed  and  hights-polhhed  test  specimens. 
Performance  characterization  tests  of  today  are  Seldom  done  with  anything  except  flaw  ed 
specimens  and  realism  surfaces  as  exposed  to  typical  environs  of  stress,  temperature, 
frequency  and  corrodents.  The  deslyn  concept  of  today  poses  the  auestion,  "Cleett  a 
senuin  tlisoii/uiion  oj  iiefeiis,  now  ioag  tun  a  speujit  sou, line  emooe  kt.J.n  s  until’ 
lions?"  On  this  ousts,  the  modern  designer  considers  defect  tolerance  as  his  prone 
criterion.  In  so  doing,  the  approach  Involves  certain  assumptions  for  w  eaknesses,  not 
strengths:  e.y.. 

•  f  racture  cannot  always  be  avoided  so  it  must  be  understood. 

•  fracture  is  a  terminal  event  that  Is  preceded  by  Initiation  and  propagation  of  defects. 

•  fra i  tore  cannot  always  be  halted  hut  it  can  be  effectively  retarded. 

llils  is  to  say  that  today's  technology  is  vitally  loncerned  with  fracture  and  the  mechanics 
of  fracture  through  ft  aetogtaphy.  ■  1 

Of  the  many  meliilluigisis  that  work  the  problem  of  understanding  fracture,  one  such 
ontsliuuling  indtvhlual  l\  the  Internationally  renow  n  Dr,  David  II'.  Iloeppner,  Professor  of 
f.nglneering  at  the  University  of  Mlssourl-Colunihln.  Dr.  Iloeppner  has  (ihinvced  the  field 
of  flat  lure  meehanit  s  in  areas  that  com  an  the  effect  of  mierostraetore.  He  has  been 
din  « »/»  invofsed  in  *>  it  rjifu  toran  hes  for  *  rat  k-ntorJant  mater  infs  in  cirptane  eKgir.es 
tf>;\  s  v//jn  'av:tU  ytnlt  'undietn  veln'rOiS  >t'o,  s  '/la/;  dhrulili  non.  the  •jl/U/otA.  ffttM/t  ^ 

lloippm r  has  bn  ome  a  ret  ognitzed  es/n  rl  In  this  spn  hilfled  field  of  study  and  a  highly- 
regarded  consultant  for  the  United  States  Air  Pone,  the  Idnlrh  Power  flesntnh 
Institute.  IT ills  10'Vie  I. bulled,  the  I  >'•  Ibeed  Company  and  others  too  numerous  to 
mention. 

On  a  duds  basis,  Professor  Iloeppner  iiilminlstcrs  regular  dosages  of  new  knowledge  on 
fnn  lure  tnerhanirs  hr  his  students  in  \ln  luinleul  and  Aerospace  P.ngineering  at  Colum¬ 
bia.  Missiimi.  He  and  his  students  are  enthusiastii  alls'  dedicated  to  the  development  >if  a 
new'  disilpline  railed  the  Sira,  tioul  Inhgiitv  l.ngine,  ting  Program 

I  he  l.illlorinl  Stall  <//  Ml  I A 1 1  <  KHIAPII Y  is  phased  to  feature  a  Utmphny  of  Dr, 
Iloeppner' s  work  as  an  mvitrd  paper.  I  his  at  title  Is  another  of  the  series  that  attempts  to 


^0  Fhcvicr  NiMlIi  flcll.iinI,  Inc.,  I'J’/H 
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profile  professionals  in  at  linn.  Dr.  Iloeppner  n  as  inked  In  submit  <  n  invited  paper  thill 
best  dcsirihex  some  of  his  teihniiid  interests  and  or  problems.  Ilneppmr's  selet  ted 
response  is  this  detailed  frnt  logruphie  evaluation  of  a  titanium  alloy — / \ //  PS' .  Tins 
unpublished  ssoil.  is  let  Itnoloyit  alls  siynifn  ant  and.  Instorii  ally .  most  important.  /\//  1  V '■ 
is  a  titnniimi  alios  that  is  e.spiitesl  to  '  flv"  on  airpUme  engines  of  the  IWO  (  ra — <n 
improved  by  silii  on  additions  ssith  isothermal  fntytny.  \1f.TAU.i Kif\AI*l I )’  is  proud  to 
offer  an  example  of  frits  toyraphii  analyses  from  the  laboratories  of  lit.  Has  id  U. 
Iloeppner.  one  of  Amerii  a  s  finest  metallurgists. 


Introduction 

Several  service  failures  of  forged  discs  made  from  a  high  strength 
titanium  alloy  prompted  an  investigation  of  the  alloy  in  an  attempt  to 
understand  the  mechanism  of  failure.  Mechanical  tests  on  the  alloy  of 
interest  were  conducted  and  the  results  were  reported  earlier  [1]. 
Selected  specimens  from  these  tests  were  examined  fractographicnlly  in 
an  attempt  to  develop  additional  insight  into  the  complex  relationship 
between  environment,  loading  mode,  and  microstructure.  Much  of  this 
work  was  originally  accomplished  during  the  first  six  months  of  1^73 
while  the  author  was  at  Lockheed  Rye  Canyon  Advanced  Design  and 
Research  Laboratory.  Mr.  Gary  Goss  and  Mr.  Walter  Eitz.e  aide  J  in 
performing  the  scanning  and  transmission  electron  microscopy. 

Background 

Engineering  materials  exhibit  many  different  and  sometimes  complex 
mechanisms  of  fracture.  Titanium  alloy  systems,  depending  upon  com¬ 
position,  manufacturing  method,  thermomechanical  treatment,  loading 
spectrum  and  environmental  conditions,  may  fracture  by  several  mecha¬ 
nisms.  Dimpled  rupture,  fatigue  stiiations.  intergranular  cracking,  do- 
lamination  and  cleavage  arc  several  of  the  fiacture  surface  appearances 
that  are  encountered  in  fraclographic  analyses  of  titanium.  The  signifi¬ 
cance  of  each  surface  and  cot  responding  fracture  mechanism  is  veto 
important  in  that  each  fracture  mode  correlates  to  a  corresponding 
energy  of  fracture  and  resistance  to  crack  extension. 

I M I  f>S5.  an  alpha  beta  structured  titanium  alloy,  would  be  expected  to 
exhibit  dimpled  uipture,  fatigue  sti  iations  and  under  the  proper  env  iron- 
mental  and  stiess  conditions,  cleavage.  Dimpled  rupture,  a  high  encipy 
absoibing  li  astute  mode  can  occur  under  static  loading,  conditions,  as  in 
a  tensile  test,  or  dynamic  loading  conditions,  as  in  the  stable  tear  pot  lion 
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of  a  crack  growth  test  or  due  to  orientation  effects  in  cyclic  loading.  In 
cither  case  the  energy  absorbed,  due  to  the  high  degree  of  plasticity,  is 
very  high — a  desirable  fracture  mechanism. 

Fatigue  striations  are  produced  by  dynamic  loading  conditions,  and 
arc  an  indication  that  a  fracture  surface  was  produced  by  other  than  one 
cycle  (static)  failure.  A  fatigue  striation  is  usually  produced  by  a  single 
load  cycle  and  the  morphology  of  the  striations  vary  according  to  the 
applied  stress,  microstructurc.  frequency,  temperature,  chemical  envi¬ 
ronment,  and  radiation  environment. 

The  energy  relationships  of  fatigue  mechanisms  are  not  understood. 
The  important  fact  is  that  the  amount  of  energy  utilized  in  producing  a 
striated  fracture  surface  is  usually  much  higher  than  that  for  other 
fracture  mechanisms  described  below. 

Intergranular  fracture  occurs  in  titanium  alloys  when  a  foreign  or 
contaminating  species  atom  such  as  hydrogen,  chlorine,  etc.  concen¬ 
trates  at  the  grain  boundaries  and  weakens  the  cohesive  force  between 
adjacent  grains.  In  alpha-beta  titanium  alloys  intergranular  fracture 
usually  occurs  at  prior  beta  boundaries,  as  well  as  along  primary  alpha 
boundaries.  At  high  magnifications  the  intergranular  fracture  has  a  so- 
called  “rock  car.dv”  anoearance.  v.:th  a  hich  decree  of  secondary 
cracking  pieseiit.  Because  of  the  loss  of  gram  boundary  cohesive 
strength  the  energy  absorbed  to  separate  the  grains  is  very  low  and  there 
is  little,  if  any.  plastic  flow  involved  in  the  process. 

Cleavage  is  the  last  fracture  mode  of  interest  in  the  fracture  analysis  of 
titanium  alloys.  All  of  the  above  processes,  w  ith  the  exception  of  fatigue 
striation  formation,  have  no  direct  relationship  to  the  crystallography  of 
the  material.  Cleavage,  on  the  other  hand,  is  directly  related  to  the 
crystallography  of  the  microstructure  and  usually  occurs  on  the  basal 
(0001)  plane.  Although  cleavage  and  fatigue  striations  are  related  to 
crystallography  they  behave  much  differently  with  regards  to  slip  and 
plastic  deformation.  Striation  formation  is  entirely  a  consequence  of  slip, 
while  the  cleavage  process  in  the  pure  sense  is  totally  devoid  of  slip 
(although  cleavage  can  be  induced  by  plastic  strain  incompatibility). 
Pure  cleavage  is  the  separation  of  the  atomic  bonds  with  virtually  no 
plastic  deformation  occurring.  The  fracture  surface  of  a  cleaved  mater  ial 
is  very  flat  with  "river  markings"  that  are  produced  when  the  crack 
front  changes  atomic  layers  due  to  imperfections  within  the  crystal 
lattice.  The  energy  required  to  propagate  the  crack  once  initiated  is  very 
low;  or  indeed  energy  is  released  and  the  crack  propagates  very  rapidly. 
The  total  energy  to  failure  is  thus  very  low.  relative  to  plastic  (low 
processes.  All  of  these  fracture  modes  can  be  encountered  in  fracture  of 
titanium. 
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This  report  covers  the  results  of  an  SF.M  fractographic  analysis  of  I  Nil 
685  Titanium.  It  covers  analysis  of  static  tensile  specimens  with  and 
without  environment,  and  cracks  induced  in  the  structure  during  service 
that  were  opened  for  study  of  fractographic  features  of  service  induced 
cracks. 


Results  and  Discussion 

Table  I  is  a  listing  of  the  specimens  examined,  their  type  and  history. 
Figures  1  and  2  describe  the  geometry  of  each  type  of  specimen.  The 
test  results  of  each  specimen  listed,  with  the  exception  of  the  hub 
cracks,  have  been  presented  in  an  earlier  report  [I]  covering  the  test 
program. 

The  discussion  section  is  divided  into  separate  sub-sections  covering: 
(a)  tensile  specimen,  (b)  strain  control  fatigue  specimen,  (c)  WOL  type 
crack  growth  specimens  with  and  without  environment,  and  (d)  opened 
cracks  from  a  region  of  the  structure, 
i 


ALL  DIMENSIONS  IN  INCHES 

Pin.  I(;i).  1  ciimIv  specimen  geometry. 


Stress  Ratio 

Speeimen  Type  Oi'in/>n;w)  Stress  l  Mensity  Range  environmental  Conditions  Temperature 
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(a)  Macro  view  of  fracture  surface. 
lOx. 


(b)  View  showing  dependence  itf 
fracture  on  microstructure.  1 50  x . 
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(c)  Dimpled  rupture  showing  mi- 
crostructural  effect.  lOOOx. 
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(d)  Fquiaxed  anj  shear  dimples  near 
specimen  surface.  500 x. 


Dig.  5.  Static  tensile  specimen  A-HFT-I. 


Figuies  3(b).  3(c).  anil  3(c).  Figures  3(b)  and  3(c)  show  dimpled 
structures  that  arc  related  to  the  alpha-beta  lamellar  platelet  structure 
and  are  composed  of  elongated  dimples.  Figures  -4(c)  and  -4(d)  exhibit 
microstructural  dependence  but  at  higher  magnification  equiaxed  dim¬ 
ples  very  much  smaller  that  the  dimples  of  Figure  3(e)  are  resolved. 
Much  huger  equiaxed  dimples  containing  microvoids  typical  of  many 
static  fractures  are  illustiated  in  l  iguie  3(d).  Secondary  cracking  and 
large  Hat  dimpled  aieas  can  be  seen  in  Figs.  4(a)  and  4(b).  The  huge  flat 
fracture  regions  are  the  result  of  a  high  degree -of  microstiuctural 
dependence  of  the  fracture  mechanism  and  a  large  piior  /)  grain  si/e. 
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(a)  View  showing  secondary  crack¬ 
ing.  300x. 


(b)  Microphoto  showing  large  flat 
fracture  surfaces  facets.  ;o()x . 


(c)  Higher  magnification  view  show¬ 
ing  microstructural  dependence. 
lOOOx. 


(d)  View  showing  extremely  fine 
dimples.  I2.500X. 


Fig.  4.  Static  tensile  specimen  A-HPT-I. 


The  results  of  the  fractographic  annl\ sis  verify  the  results  of  the 
mechanical  properties  as  listed  for  the  tensile  specimen  in  Table  I.  I.ven 
though  there  is  a  high  dependence  on  tnierosinicture.  the  primary 
fracture  tmnie — dimpled  ruptuie — results  in  high  yield  anil  ultimate 
strengths  with  good  ductility. 

Strain  Control  Fatigue  Specimen 

Figures  5.  (>,  and  7  arc  macro  and  miciophotographic  views  of  the 
origin  area  of  strain  contiol  or  low  cycle  fatigue  specimen  A-HIM-I. 
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Figures  6  and  7  illustrate  the  modes  of  fracture  encountered  in  the  origin 
area.  The  origin  area  is  not  composed  entirely  of  fatigue  striations  but 
rather  a  mixture  of  striations  and  a  quasicleavage  type  of  fracture. 
Figure  6(a)  demonstrates  this  mixture  well.  In  Fig.  6(b)  the  fracture 
mode  changes  from  a  quasicleavage  microstructural  dependent  case  to 
fatigue  striations  which  are  independent  of  the  alpha-beta  structure.  The 
linear  transition  suggests  a  grain  boundary  that  demonstrates  the  de¬ 
pendence  of  fracture  mode  on  grain  orientation.  A  transition  fiotn 
fatigue  striations  to  dimpled  rupture  in  Fig.  6(c)  illustrates  the  region 
near  the  crack  front  at  final  failure.  Fatigue  striations  exhibiting  second¬ 
ary  cracking  arc  seen  in  Fig.  h(d).  The  field  is  located  near  the  surface  of 
the  specimen  and  environmental  and  or  stress  effects  may  have  caused 
the  secondary  cracking.  Figure  7  shows  examples  of  fatigue  striated 
fields  in  the  interior  of  the  specimen.  Many  areas  such  as  7(b)  and  7(c) 
exhibit  uniformly  spaced  linear  striations.  while  others  such  as  7(a)  give 
a  confusing  appearance.  In  Fig.  7(a).  the  crack  is  propagating  from 
bottom  to  top  and  apparently  chang.es  ditcclion  by  9<F  midway.  Ac¬ 
tually,  at  that  point  the  microsti iicturc  exerts  a  strong  influence  on  the 
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crack  morphology  and  the  alpha-beta  microstructure  is  seen  in  the 
striation  topography.  Caution  must  be  used  so  that  alpha-beta  lamellar 
fields  are  not  mistaken  for  striation  fields. 

A  strain  control  fatigue  specimen  fracture  surface  exhibits  many 
fracture  modes  and  appearances  and  care  must  be  taken  lest  erroneous 
interpretations  and  conclusions  be  made.  It  is  important  to  note  here 
that  the  mixed  fracture  modes  apparent  on  a  fatigue  specimen  could 
yield  marked  changes  in  crack  growth  rates  at  either  "microstructural" 


or  “macrostructural"  levels. 


(a)  Origin  area  showing  fracture 
flow  pallerns.  220x. 


(c)  Change  of  fracture  iiWe.  IMKIx. 


(b)  Change  of  fracture  mode.  rf50x. 


(d)  f  atigue  vitiations  evliihiting  see- 
onduiy  cracking.  ?(KKI»  . 


t  ic.,  ft.  I.mv  cycle  fatigue  specimen  A-HI’I-I. 
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(a)  Fatigue  striated  area  exhibiting 
mierostnictural  dependence.  2100*. 


(b)  Striated  area  with  grain  bound¬ 
ary  and  secondary  cracks.  2100*. 


(e)  Well  defined  xtrialions.  2100*. 


Ftc.  7.  Low  cycle  fatigue  specimen  A-HPT-I. 


WOL  Type  Crack  Growth  Specimens 

Three  crack  growth  specimens  were  examined.  They  were  selected  to 
evaluate  baseline  (10  11/..  room  tempcratiue,  dry  air)  fracture  behavior, 
sustained  load  (5  min.  loaded'?  min.  unloaded,  room  temperature,  dry 
air)  behavior  and  environmental  (ISO  min.  hold,  deionized  water,  room 
temperature)  behavior.  They  are  labeled  F-9.  H- 25.  and  F.-8  respec¬ 
tively. 

Figure  S  presents  the  macro  and  micra  fracture  surface  appearance  of 
specimen  F-9.  Much  of  the  sin  face  shown  in  S(b)  is  composed  of  huge 
flat  legions  that  show  little  evidence  of  ductile  mpttirc  or  fatigue 
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striations.  At  higher  magnification  as  in  8(c)  the  fiat  regions  resemble  the 
quasicleavage  as  seen  in  the  strain  control  fatigue  specimen  A-HPT-I. 
As  the  crack  propagated  further  into  the  specimen  and  attained  higher 
AK  values,  the  large  flat  regions  diminish  in  size  and  number.  I- vidence 
of  a  change  in  morphology  can  be  seen  in  Sd-f.  Well  defined  fatigue 
striations  are  evident  in  S(d)  as  well  as  8(e)  while  debris  covers  the 
fracture  surface  in  S(f). 

The  fracture  surface  is  not  composed  of  evenly  distributed  striated 
areas  but  a  mixed  mode  of  quasicleavage  l  egions  and  striated  fields  that 
make  it  difficult  or  impossible  to  assess  crack  growth  rate  by  striation 
spacing  measurement.  Growth  rates  are  more  properly  evaluated  by 
surface  crack  measurement  techniques. 

The  sustained  load  specimen  F--25.  Fig.  9.  demonstrates  a  dramatic 
change  in  fracture  surface  morphology  at  the  transition  from  precrack  to 
test.  The  precrack  region  exhibits  much  the  same  appearance  as  the 
baseline  specimen  F-9.  Fig.  8.  That  is.  fields  of  quasicleavage  and 
striations  as  seen  at  higher  magnification  in  Figs.  9(c)  and  9(d).  Figure 
9(d)  shows  the  transition  from  precrack  to  test.  The  precrack  striations 
propagate  from  the  left  in  a  uniform  field  and  abruptly  change  to  more 
widely  spaced  microstructurallv  affected  striations  on  the  right.  The  test 
area  in  Fig  9(b)  is  very  coarse  with  many  secondary  cracks  present,  i  he 
sustained  load  appears  to  have  the  same  effect  on  crack  morphology  as 
environmental  attack  in  many  other  materials,  and  crack  propagation 
rates  are  virtually  impossible  to  determine  because  of  this  effect.  Some 
fields  of  fatigue  or  cyclic  loading  striations  are  present  in  the  test  region 
as  seen  in  Fig.  9(e).  but  the  major  portion  is  composed  of  quasicleavage 
as  seen  in  Fig.  9(f).  Sustained  load  then  has  the  effect  of  coarsening  the 
surface  topography  and  lessening  the  probability  of  striation  formation. 
A  comparison  of  Figs.  9(f)  and  8(e)  demonstrates  this  effect.  Thus,  a 
change  in  the  micromechanics  of  crack  growth  obviously  is  occurring 
with  sustained  load. 

The  effects  of  sustained  load  in  combination  with  an  environment  of 
deionized  water  on  WOl.  Specimen  F-8  are  seen  in  Fig.  10.  A  compari¬ 
son  of  Figs.  10(b)  and  9(b)  and  8(b)  illustrates  the  dramatic  change  in 
fracture  morphology  when  the  wet  environment  is  imposed.  In  Fig.  1  O'. h * 
the  precrack  region  is  on  the  left  with  the  crack  propagating  from  left  to 
right.  The  precrack  region  is  very  similar  to  the  two  previous  specimen 
precrack  regions.  In  the  test  region  the  topography  is  very  blocky  with  a 
high  degree  of  secondary  cracking  in  evidence.  Figure  10(c)  is  a  precrack 
to  lest  transition  region  where  the  crack  propagating  in  a  fiat  noil- 
striated.  non  dimpled  mode  after  the  transition  is  seen  to  propagate  in  a 
brittle  quasi-cleavage  mode.  Figuic  10(e)  jnesents  the  transition  area 
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(c)  Transition  in  fracture  mode 
probably  at  a  grain  bounJary. 
lOOOx. 


(e)  Mixed  modc-'ttiations  and  dim¬ 
pled  iiipitnc.  500*. 


(d)  Fatigue  striated  field.  1750*. 


(D  Debris  e.ui'ed  b>  repeated  eon- 
taels  of  the  fraelme  suifaee  dining 
testing.  I  '00  *  . 


where  the-  crock  front  (tod  been  propagating  by  fatigue  ami  chanced  to  ;t 
mixed  movie  ductile  tuptiire  anil  i|iinsiclcavnge.  Figntc  10(0  is  rcpiesent- 
ativc  of  nivist  of  the  tes!  area  being  composed  ol  blocks  quasicleax  ape 
with  .secondary  cracking.  This  is  the  form  of  crack  extension  with  vety 
little  icsistance  to  propagation.  Specimen  b.-X  failed  aflci  four  lo.id 
applications  indicating.  the  high  crack  propagation  late.  Deionized  watet 
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Ki.  9.  \V()1.  Specimen  f  *?V  5  min.  iojdcil'S  min.  lo.uled.  Room  temperature.  ill)  ;t:r. 


'■ecrack  region  (h)  lYccr.iek  to  test  region .  .11) x .  Test  region 
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(c)  Precrack  region.  ,'00x. 


(e)  Isolated  striated  field  test  region. 
2  Mix. 


(d)  Precraek  to  test  transition. 
lOOOx. 


(0  Fracture  morphology  in  lest  re¬ 
gion.  300  x . 


had  the  most  severe  effect  on  the  crack  propagation  rate  which  is 
corroborated  by  the  fracture  appearance  of  Fig.  10. 

Service  Induced  Cracks 

A  structural  component  was  found  It)  contain  at  least  twenty-nine 
cracks  induced  dining,  service  and  was  removed  fiom  set  vice.  A  section 
of  that  disc  in  the  "hairpin”  radius  region  containing  several  crack 
indications  was  t canned  for  analysis.  I  he  cracks  uetc  opened  carclully 
by  mechanical  means  and  examined  by  SIM  Analysis.  Three  ot  the 
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(c)'Klal  fracture  mode  in  precrack  to  test  (d)  Precraek  region.  ?00x. 

transition  region.  300  x. 


(c)  Preciack — ' Test  transition  region.  250x.  (0  Test  region.  300 x. 


fracture  surfaces  are  shown  in  Fays.  11-15.  Tlte  fracture  surface  of 
Specimen  B-A  as  seen  in  Fig.  1 1  exhibits  many  of  the  fracture  modes 
encountered  in  previous  test  specimens.  Quasicleavage  areas  are  seen  in 
Figs.  11(b)  ansi  11(d)  while  fatigue  striated  areas  are  evident  in  l  ies. 
1 1(c),  1 1(e).  and  1 1(0  is  a  view  of  the  probable  origin  area  and  is  seen  in 
prettier  detail  in  I  ip.  12.  The  darker  fan-shaped  area  is  the  suspected 
origin  because  till  fracture  How  lines  originate  or  propagate  from  this 
region,  f  igs.  12(b)  and  12(e)  detail  the  left  portion  of  the  region  shown  in 
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(a)  Macro  surface.  ?0x. 


(b)  Quasicleavage  appearance.  (c)  Fatigue  striations.  l.'OOx. 

200  x . 


Fig.  II.  Disc  crack  B-A. 


Fig.  12(a).  The  surface  is  composed  of  small  fissures  and  covered  v-ith 
particles.  F.arlier  reports  [2.  3]  have  shown  the  existence  of  precipitate 
(Ti,  Zi)-.Sij  particles  in  this  alloy  and  have  indicated  a  correspondence 
with  fracture  origins. 

A  second  opened  set  vice  crack.  Specimen  MB-4.  is  shown  in  Fig.  13. 
The  surface  is  very  similar  to  the  previous  example,  but  the  existence  of 
a  field  of  fatigue  striations  at  the  furthest  extension  of  the  crack  tip 
before  opening  is  seen  in  Fig.  13(b). 


(d)  Quasicleavage  appearance.  7>0x. 


(e)  Striations  near  surface.  100*. 


(0  O.iginarea.  lOOx.  (g)  Fatigue  striations.  7500x. 


Higher  magnification  views  are  seen  in  Pigs.  13(c)  and  13(d).  This 
proves  conclusively  that  after  the  crack  initiated  by  cleavage  the 
propagation  of  the  crack  involved  fatigue.  An  origin  site  could  not  be 
identified  but  that  did  not  preclude  a  site  at  the  extension  of  a  secondary 
crack  subsurface  to  the  fracture  surface  and  the  major  fracture  surface 
being  at  some  angle  to  the  fracture  surface.  On  this  surface  as  with  the 
previous  fracture  a  large  percentage  of  the  crack  extension  was  by  a 
cleavage  like  propagation  mode. 

Figures  14  and  15  are  view  s  of  a  third  opened  hub  crack  Specimen 
HR-3.  On  examination  a  probable  origin  site  was  located  and  is  shown  at 
higher  magnification  in  Pigs.  14(b).  and  14(c).  All  fracture  llowliucs 
cminatc  from  the  void  in  the  center  of  Pig.  14(c). 
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(a)  Fan  shaped  origin  area.  I50x. 


(b)  Void  near  probable  origin.  lOOOx. 


(c)  Particles  near  probable  origin. 
I500x. 


Flo.  12.  Origin  area  of  specimen  B-A. 


To  determine  if  there  is  any  chemical  peculiarity  associated  with  the 
void  and  surrounding  area  an  HI) AX  (Finergy  Dispersive  Analysis  of  X- 
rays)  analysis  was  perfoimed.  Figure  i5  presents  the  results  of  that 
analysis.  Figures  15(a)  and  15(b)  show  the  legion  of  the  void  on  both 
fracture  surfaces.  It  is  interesting  to  note  the  presence  of  particles 
surronding  the  void  on  one  surface  and  a  corresponding  depression  or 
htWe  on  the  opposite  surface.  Figures  15(c)  and  15(d)  are  the  FDAX 
readouts  for  the  fractures  indicated  in  15(a)  and  15(b)  respectively.  In 
Figure  15(c)  the  bars  repiesenl  the  base  metal  showing  aluminum,  a 
small  amount  of  silicon,  zirconium  and  titanium.  The  dots  represent  the 


(c)  Fatigue  region.  1250k.  (d)  Fatigue  region.  750x . 


Fig.  13.  Mub  crack  specimen  IUt-4. 


chemistry  of  the  particle  at  the  ctlge  of  the  void.  They  show  a  higher 
than  normal  (when  compared  with  the  bars  representing  the  base 
material)  reading  for  silicon.  This  is  strong  evidence  in  support  of  the 
assumption  that  the  particle  is  a  precipitate  of  the  chemical  composition 
described  earlier  (Ti.  /.r),Si:l.  The  precipitate  appears  to  have  a  strong 
influence  on  the  initiation  of  the  crack;  however,  the  cleavage  burst 
initiation  could  occui  at  other  sites  as  well,  lor  example,  under  the 
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extension 
of  crack 
in  service 


(a)  Macro  surface.  I0x. 


(b)  Origin  area.  90 x . 


(c)  Void  at  origin.  500*. 


Fig.  14.  Hub  crack  specimen  BB-3. 


proper  strain  field,  strain  values,  local  chemistry  and.  microstructure, 
and  texture  other  local  discontinuities  such  as  voids  or  grain  boundary 
triple  points  could  also  initiate  the  failure.  A  higher  than  normal  level  of 
silicon  was  indicated  around  the  void  as  seen  in  Fig.  15(d).  This  is  in 
agreement  with  the  results  presented  in  reference  [2). 

Conclusions 

The  titanium  alloy  studied  herein.  IMI  685.  behaves  much  the  same  as 
other  titanium  alloys  in  static  tensile  properties.  That  is,  the  strength  and 


Proctography  of  Flaw  Growth-Invited  Paper 


153 


(a)  Bars — away  from  the  hole;  dots — on 
particle.  2000x. 


(b)  Bars — away  from  hole;  dots — at 
edge  of  hole.  -OOOx. 


(c)  KDAX  composition  determination  of  (d)  FDAX  composition  determination 

surface  in  Fig.  15(a).  of  surface  in  Fig.  15(b). 


Fig.  15. 


ductility  arc  within  specified  limits.  The  fracture  surface  is  composed  of 
highly  ductile  fracture  modes,  while  the  fracture  morphology  exhibits  a 
strong  dependence  on  microstructurc. 

The  strain  controlled  fatigue  behavior  exhibited  wed  defined  fatigue 
strialions  mixed  with  a  qtiasicleavage  appearance  in  the  origin  area.  The 
fracture  mode  tended  to  be  dependent  on  grain  orientation,  often 
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changing  modes  upon  encountering  a  grain  boundary.  Again  the  fracture 
appearance  was  typical  for  a  titanium  strain  controlled  fatigue  specimen. 

Specimens  F.-25  and  F.-8.  hold  time  and  hold  time  with  deionized 
water,  respectively,  propagated  almost  entirely  by  quasicleavage  which 
corroborates  the  accelerated  growth  rates  for  the  specimens  with  respect 
to  the  baseline  specimen  F-9.  The  kinetics  of  this  process  and  mechanics 
will  undoubtedly  be  rigorously  explored  in  the  future. 

The  hub  crack  specimens  probably  initiated  in  regions  containing 
silicate  precipitates  but  more  importantly  propagated  by  a  quasicleavage 
mode  that  led  to  accelerated  observed  crack  growth  rates  under  given 
stress  conditions.  The  inservice  cracks  propagated  due  to  alternating 
loads,  as  indicated  by  the  presence  of  the  striations.  The  presence  of 
large  amounts  of  cleavage  facets  and  delamination  leads  to  the  conclu¬ 
sion  that  the  hold-time  during  service  loading  also  was  a  factor  in  the 
accelerated  crack  growth  that  was  observed. 
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effect  of  microstructure  on  fatigue  crack  growth  behavior  in  forged  materials 


0.  Hoeppner 


The  effect  of  microstructure  on  fatigue-crack  growth  of  a  model  structural 
material  is  investigated.  It  is  shown  that  fatigue-crack  growth  in  this 
model  material  is  strongly  dependent  on  local  microstructure.  A  number  of 
crack  growth  experiments  are  presented  that  dramatize  the  potential  role 
of  microstructure.  It  is  suggested  that  the  current  two  parameter  approach 
to  fatigue-crack  growth  study  in  vogue  is  not  adequate  to  assess  the  role  of 
microstructure  in  the  fatigue  process.  Rather,  a  more  physically  eased  and 
mathematicaTly  rational  curve  fitting  procedure  is  suggested.  Use  of  a 
better  curve  fitting  approach  will  permit  the  examination  of  the  role  of 
microstructure  in  fatigue-crack  growth  in  a  more  realistic  way. 

From  the  results  of  this  study,  it  is  concluded  that  optimum  fatigue-crack 
growth  resistance  can  be  developed  by  alloy  tailoring  through  chemistry  and 
process  manipulation. 


Professor  of  Engineering 

College  of  Engineering,  University  of  Missouri 
Columbia,  Missouri  U.  S.  A. 


1.  IfITROUUCTIOri.  Ever  since  "scientific"  research  into  factors  that  aftect 
fatigue  behavior  has  been  underway  there  has  been  considerable  effort  expended 
toward  developing  msignt  into  the  role  of  microstructure  in  fatigue.  It 
appears  that  after  some  years,  and  a  large  number  of  publ ications  that  have 
been  directed  toward  resolution  of  differences  related  to  the  role  of  micro- 
structure,  a  great  deal  of  confusion  still  exists.  The  advent  of  "modern  frac¬ 
ture  mechanics"  has  not  helped  to  clear  things  up  either.  This  conference  is 
entitled  Forging  and  Properties  of  Aerospace  raj. or ini s_.  It  seems  to  re  that 
there  is  an  implication  in  Ute  title  that  forging  practise  can  modify  the 
properties  of  a  material.  Indeed,  many  of  trie  papers  at  the  conference  illus¬ 
trate  tnis  point.  In  this  trict  paper  it  is  my  intention  to  once  again  attempt 
to  show  that  microstructure  is  a  major  1  actor  in  the  fat igue-craci:  growth 
behavior  of  materials. 

This  concept  certainly  is  not  new.  Alan  Griffith'  pointed  the  way  for  us  in 
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his  classic  treatise  on  f 1 and  fracture,  let  us  take  a  brief  look  at  some 
of  the  statements  tnat  Or.  Griffith  made  regarding  the  potential  for  modifying 
trie  mechanical  properties  of  a  structural  material,  "from  the  engineering 
standpoint  the  chief  interest  of  the  foregoing  work  centres  round  the  sugges¬ 
tion  that  enormous  Improvement  is  possible  in  the  properties  of  structural 
materials.  Of  secondary,  but  still  considerable,  importance  is  the  demonstra¬ 
tion  that  the  methods  of.strennth  estimation  in  common  use  may  lead  in  some 
cases  to  serious  error."  ■  P*  -[n  t la o  case  of  ductile  metals,  tne  effect 

of  scratches  is  important  only  under  alternating  or  repeated  stresses.  On  the 
theory  advanced  in  tne  proceeding  section,  fatigue  failure  under  such  stresses 
is  determined  oy  phenomena  which  occur  at  the  intercrystal I ine  boundaries."! 
p.  193. 

"The  most  obvious  means  of  making  the  theoretical  molecular  tenacity  available 
for  technical  purposes  is  to  oreak  up  the  molecular  sheet-formation  ana  so 
eliminate  the  "flaws."  In  the  case  of  crystalline  material  tin's  has  the  fur¬ 
ther  advantage  of  eliminating  yield  and  probably  also  fatigue  failure."  . 

"These  considerations  suggest  that  if  a  piece  of  metal  were  rendered  completely 
amorphous  by  cold  working,  and  then  suitJDly  neat-treated,  its  molecules  might 
take  up  tne  stable  strong  configuration  already  described.  The  theory  indi¬ 
cates,  however,  that  ever-straining  tends  to  set  up  tensile  stresses  in  the 
unchanged  parts  of  the  crystals  which  may  start  cracks  long  Defore  decrystal¬ 
lization  is  complete.  Such  cracking  could  be  prevented  if  tne  over-straining 
were  carried  out  under  a  sufficiently  great  hydrostatic  pressure,  and  this 

line  cf  research  seems  to  be  well  worth  following  up."  .  "Tne  problem  may 

be  attacked  in  another  way.  As  has  been  seen,  the  theory  suggests  that  the 
drop  in  stress  at  the  initiation  of  yield  is  due  to  the  surface  energy  of  the 
intercrystal  boundaries.  Thus,  the  yield  point  ray  be  raised  by  "refining" 
the  netal,  i.e.,  so  heat-treating  it  as  to  reduce  tne  size  of  the  crystals. 

The  limit  of  refinement  is,  doubtless,  reached  when  each  "crystal"  contains 
hi.e  a  c-.ng.ir  molecule  and  the  material  is  then  in  the  strong  stable  state 

ci:c: Ccir.i  *  c . 

"Refining  is  also  of  great  value  in  connection  with  resistance  to  fatigue 
failure.  Suppose,  in  accordance  with  tne  foregoing  theory  of  fatigue,  that 
one  crystal  has  been  fractured,  then  the  general  criterion  of  rupture  snows 
tnat  the  crack  cannot  spread  unless  the  material  is  subjected  to  a  certain 
Minimum  stress,  which  is  greater  the  smaller  tne  crack.  Thus,  reducing  the 
size  of  the  crystals  increases  the  stress  necessary  to  cause  the  initial  crack 
to  extend."!*  P*  1 94—195. 

Thus, Dr.  Griffith  suggests  that  a  minimum  energy  threshold  for  crack  growth 
exists  and  that  the  threshold  and  subsequent  rate  of  growth  of  the  crack  is 
influenced  t >y  "molecular  attraction,"  grain  size  and  texture.  Certainly, 
since  tne  tire  Dr.  Griffith  nut  forth  his  classic  ideas  which  served  as  the 
formalized  beginning  of  energy  concepts  applied  to  fracture  and  led  to  fracture 
mechanics,  we  nave  added  to  our  reservoir  of  knowledge  regarding  tne  growth 
of  cracr.s.  Actually,  even  though  methods  of  modifying  tne  "strength"  of  a 
solid  were  suggested  by  Cnffith,  there  still  is  some  confusion  in  the  tech¬ 
nical  community  as  to  wnether  r.odifying  the  microstructure 'can  modify  the 
fatigue-crack  growth  beluvior.  (Iven  though  r.ony  of  us  in  attendance  at  this 
conference  generally  agree  that  microstructure  is  a  major  factor  influencing 
the  "strength"  of  solids.)  let  me  dramatize  this  point  by  quoting  from  a 
recent  paper  presented  in  a  l.S.  journal  oi  wide  "popular"  distribution. 2,  P-17 

"Tne  fact  that  the  inert-envirennent  fatigue  crack  growth  properties  of  differ¬ 
ent  alloys  within  a  given  metal  system  are  similar  indicates  that  fatigue 
crack  growth  rate  tciuvior  is  essentially  inaependent  of  tne  alloy's  conven¬ 
tional  mecluriica  1  and  metallurgical  properties.  Ihis  observation  further 
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Indicates  that  such  fatigue  crack  growth  rate  behavior  cannot  be  controlled 
by  conventional  alloy  development  or  heat  treating  techniques.  Thus,  it  is 
apparent  that  this  fatigue  crack  growth  behavior  is  not  a  pertinent  factor  .. 

In  materials  selection  considerations."  A  recent  book  on  "Fracture  Control" 
p.24d,  states  "...the  use  ot  a  single  equation  to  predict  fatigue-crack-growth 

rates  for  these  steels  may  be  justified."  .  "The  preceeding  discussion 

shows  tnat  the  region  II  fatiguc-crack-growth  rate  behavior  ot  steels  in  a 
benign  environment  is  essentially  independent  or  mechanical  and  metallurgical 
properties  or  the  material."  These  latter  references  might  raise  some  question 
as  to  whether  we‘d  want  to  take  Dr.  Griffith's  suggestion  and,  among  other 
things,  use  forging  to  modify  the  fatigue-crack  growth  behavior  of  a  solid. 

As  a  result  of  certain  exciting  events  of  1973,  among  other  things,  various 
elements  of  the  technical  community  are  now  directing  effort  toward  developing 
greater  insight  into  the  role  of  microstructure  in  fatigue-crack  growth.  This 
brief  effort  was  in  part  directed  toward  adding  further  insight  into  the  role 
of  microstructure  in  crack  growth.  The  hypothesis  of  this  work,  as  with  so 
many  of  my  own  researches  in  the  past,  is  that  microstructure  is  one  of  tne 
major  intrinsic  characteristics  of  a  solid  that  determines  its  fatigue-crack 
growtn  behavior.  Obviously,  the  basic  alloy  chemistry  is  a  factor,  as  well 
as  the  crystallographic  texture.  For  the  purposes  of  this  paper,  I  choose  to 
include  orientation  (texture)  effects  as  part  of  tne  microstructure  (this 
may  not  be  convention  but  in  tne  manner  that  the  work  shall  unfold  it  is  not 
convenient  nereir,  to-  separate  the  local  orientation  effects'.  Following  the 
example  of  Dr.  Griffith  (  and  others  )  a  model  material  is  selected  to  drama¬ 
tize  the  importance  that  microstructure  plays  in  ratigue-crack  growth.  The 
material  selected  is  a  titanium  alloy  (T i - 6A1 -5Zr-0. 5  Mo  --  nominal  composi¬ 
tion). 

Currently,  a  rather  extensive  effort  on  this  subject  is  underway  at  the 
University  of  Missouri.  A  list  of.  theses  and  dissertations  appended  to  this 
paper  provides  much  more  detail  than  that  included  herein. 


2.  CL'RPEflT  DLSIGh  CONCEPTS .  As  the  service  requirements  for  aerospace 
vehicles  and  engines  have  become  more  demanding,  the  design  procedures  and 
material  speci f icat ions  have  of  necessity  become  more  strinqent  in  order  to 
assure  reliable  and  safe  operational  performance  of  tne  structure.  Initially  it 
had  been  sufficient  to  procure  materials  with  concern  only  for  the  tensile 
strength  specification.  As  demands  or.  materials  increased  the  upward  pusn  of 
tensile  strength  level  necessitated  improvements  in  process  and  inspection 
controls  to  assure  proper  reiiaDility. 

Early  aircraft  arid  engine  designs  were  based,  in  tne  main,  on  ultimate  and 
yield  strength  criteria.  Tne  design  methodology  then  evolved  to  include 
fatigue  design  methodology  (stress  cycling  S-n  concepts;,  strain  cycling 
concepts,  and  more  recently  linear  elastic  fracture  mechanics  procedures,  and 
fatigue-crack  growth  concepts.  The  development  of  cacti  .of  tnese  design 
methodologies  has  provided  another  tool  to  aid  the  designer  in: 

e  Improving  structural  reliability 

0  Developing  viable  material,  process,  raw  material,  and 
inspections  and  controls 

*  Establishing  tne  design  life 

*  Setting  operating  stress  or  strain  allowables 

*  Component  sizing  arid  configuring 
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Each  ot  these  methodologies  Is  somewhat  different  but  all  arc  directed  at 
the  five  stated  objectives.  This  paper  deals  with  the  concept  of  fatigue- 
crack  growth,  as  stated. 

The  development  of  fatigue-crack  growth  design  procedures  nave  evolved 
rapidly  in  tne  past  20  years^.  Tnc  procedure  involves  an  evaluation  of  a 
rate  equation  from  an  initial  flaw  size  to  a  critical  flaw  size.  The  rate 
equation  is  typically  of  the  form: 

da/oN  =  f(S,  a,  <M  (1) 

where  da/dN  is  the  fatigue-crack  growth  rate,  in. /cycle,  f(S,a,$)  is  a  func¬ 
tions  relationship  between  the  gross  stress  (S),  crack  length  (a)  and  part 
geometry,  $. 

One  of  the  conmon  empirical  descriptions  of  the  crack  growth  rate  is  the 
equation, 

da/dtl .=  C  (AK)n  (2) 

where  AK  is  the  stress  intensity  range  (K  ,  -  K  .  )  and  C  and  n  are  empirical 

max  min  , 

constants.  However,  this  equation  is  not  generally  valid  over  the  full  range 
of  da/d'l  values.  Unfortunately,  many  papers  related  to  fatigue-crack  growth 
have  dealt  only  with  the  limited  ranae  of  appl icabi 1 i ty  of  the  above  equation 
to  the  fatigue  crack  extension  process. 

Even  though  fracture  toughness  (K.  or  Kg),  initial  flaw  size,  and  stress  all 
have  a  role  in  life  prediction  analysis,  it  has  frequently  been  found  that 
microstructural  influences,  environment,  load  ratio,  wave  form,  frequency 
(or  time),  and  spectrum  can  have  an  overriding  influence  on  the  fatigue-crack 
rate  and  related  life  prediction  analysis. 

Equation  2  is  usually  evaluated  by  conducting  fatigue-crack  growth  tests 
utilizing  "standard"  test  variables.  The  data  then  are  plotted  in  the  form  of 
Figure  1.  The  curve  is  comprised  of  three  major  line  segments,  indicated  on 
the  figure  as  segments  1,  2,  3.  Segments  2  and  3  are  the  segments  that  have 
received  the  greatest  amount  of  study  (equation  2  normally  being  applied  to 
segment  2).  Very  little  attention  has  teen  given  to  the  area  in  or  near  the 
threshold  -  segm.ent  I.  In  addition,  many  of  the  studies  carried  out  on  seg¬ 
ments  2  and  3  have  not  considered  microstructural  variables  and  rarely  has 
the  range  of  external  variables  such  as  environment,  wave-form,  frequency, 
load  ratio,  and  spectrum  been  systematically  studied  in  on  evaluation  program. 
This  has  often  resulted  in  the  development  of  laboratory  data  which  is  of 
limited  applicability  to  the  analysis  of  actual  service  conditions. 

If  any  equation  of  the  form  of  Equation  2  is  to  provide  a  reliable  methodology 
for  fatigue  life  prediction,  the  contributions  of  the  variables  nicrostructure, 
environment,  waveform,  frequency,  load  ratio,  and  spectrum,  rust  be  considered 
in  detail.  These  variables  could  have  major  effects  in  segnent  1,  and  could 
have  significant  effects  in  seqments  2  ond  3.  Note  that  the  low  AK  region 
(segm.ent  1)  where  microstructural  effects  may  be  greatest  is  the  region  where 
the  majority  of  the  allowable  fatigue  life  frequently  is  expended. 

It  is  for  the  reasons  stated  above  that  the  authors  quoted  earlier  concluded 
that  alloy  development  and  process  development  have  no  effect  on  fatigue  crack 
growth.  It  is  asserted  here  that  that  statement  is  not  a  correct  interpreta¬ 
tion  of  the  data  that  result  from  fatigue-crack  growth  tests. 
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3.  THE  EFFECT  OF  TITANIUM  MICROSTRUCTUP.E  ON  DYNAMIC  BEHAVIOR.  The  fatigue 
process  begins  with  dislocation  motion  generating  slip  bands  that  lead  to 
cracking,  with  the  subsequent  growth  of  the  crack  normally  described  macro- 
scopically  in  terms  of  the  laws  of  continuum  mechanics.  The  fatigue  process 
has  traditionally  been  divided  into  three  stages,  namely 

*  Initiation 

*  Propagation 

*  Final  Fracture 

The  importance  that  metal  1 urgical  factors  play  in  each  stage  of  the  fatigue 
process  lias  been  discussed  by  Hoeppner.5 

Many  research  programs  have  been  performed  to  study  the  mechanisms  of  fatigue- 
crack  propagation  and  initiation  in  li  alloys.  However,  some  conflict  exists 
when  comparing  results  from  different  programs.  Some  resolution  of  the 
conflicting  data  and  identification  of  trends  can  he  accomplished  t-y  separate 
consideration  of  total  fatigue  life  (S-N).  time  for  crack  nucleation,  and  crack 
propagation  rates. 

Total  Fatigue  life  -  Several  research  programs  have  indicated  microstructure 
has  a  significant  effect  on  fatigue  life.  Bartlof'  reported  increased  fatigue 
Strength  for  thcrual  treatments  that  produced  fine  grained  alpha-beta  or  fine 
primary  alpha  and  alpha  prime,  l.ucas  '!  examined  high  cycle  fatigue  and  found 
that  working  at  )7/i.cf  produced  40- SO  percent  increases  in  fatigue  strength 
while  forging  just  above1  the  beta  transits  produced  SO  percent  increases, 
pr  ior  beta  grain  size  had  little  influence,  but  finer  alpha  grain  sizes 


107 


Increased  fatigue  strength.  For  low  cycle  fatigue,  Satlnr  ct  al.®  found 
little  difference  In  lives  of  three  separate  structures  containing  10  percent 
primary  alpha,  50  percent  primary  alpha  and  transformed  beta.  In  contrast, 
Sprague  et  al.®  found  that  a  coarsened  alpha  phase  had  poor  low-cycle  fatigue 
life  and  that  high  temperature  thermal  mechanical  working  to  produce  a  fine 
alpha-beta  substructure  increased  fatigue  life.  Bowen  and  Stubbington 10 
found  that  alpha-beta  working  improved  low-cycle  fatigue  strength.  They 
ascribed  the  improvement  to  a  decrease  in  the  mean  free  slip  path  caused  by  a 
reduction  in  prior  beta  grain  size,  refinement  of  aloha  grain  size,  and  intro¬ 
duction  of  averaged  alpha  prime  martensites.  Sparks' 1  found  that  refinement 
of  prior  beta  grain  size  increased  fatigue  life  and  eliminated  directionality. 

Differences  in  fatigue  strength  between  small  rolled  bar  and  thick  forged  bar 
we re  ascribed  to  differences  in  microstructure  by  Stubbingtcn  and  Bcwen'^. 

The  snail  bar,  which  showed  50  percent  better  fatigue  strength,  had  received 
large  alpha-beta  reductions  to  produce  complete  recrystallization  and  a  finer 
grain  size.  In  contrast  the  large  bars  were  only  partially  recrystallized 
and  some  of  the  prior  beta  grain  structure  remained. 

For  the  most  part,  these  results  all  indicate  that  a  fine  grained  alpha 
material  will  have  improved  S-N  fatigue  life  over  a  large  grained  alpha  struc¬ 
ture.  The  fatigue  life  may  be  altered  by  either  strong  alpha  or  beta  tex¬ 
turing.  The  fatigue  lives  of  fine  grained  beta  materials  also  appear  to  be 
quite  good.  Thus,  the  earlier  statements  of  A.  Griffith'  are  being  verified. 

Crack  Mucleation  -  Low  cycle  fatigue-crack  initiation  in  Ti-6A1-4V(STA)  was 
studied  by  Wells  and  Sullivan'^.  Fatigue  cracks  initiated  primarily  in  slip 
bands  within  the  alpha  phase  particles  with  some  cracks  forming  at  the  inter¬ 
face  between  the  alpha  and  transformed  beta  phases.  Fatigue-crack  initiation 
in  Ti-6A1-4V(MA)  was  investigated  by  Benson  et  al^  who  found  that  under 
conditions  of  low  stress  at  room  temperature,  cracks  initiated  at  the  alpha- 
beta  phase  interface.  For  high  stress  at  room  temperature,  high  and  low 
stresses  at  600°F,  cracks  were  initiated  in  slip-bands  within  the  alpha 
nk,KP  Nn  relation  could  be  found  between  crack  initiation  and  deformation 
twfns,  os  previously  noted  for 

g 

During  low-cycle  fatigue  of  Ti-6A1-4V,  Spraque  et  al.  noted  crack  initiation 
at  primary  alpha  phase  interfaces,  and  that  finer  aloha  particle  size  increased 
resistance  to  crack  initiation.  Other  work  also  noted  that  crack  initiation 
at  low  stresses  occurs  more  readily  for  structures  containing  coarse  alpha, 
either  acicular  or  equiaxed. 

12  .  .  . 

Work  ty  Stubbinqton  and  Bowen  related  low  fatigue  strength  to  early  initia¬ 
tion  and  growth  of  Stage  I  cracks  caused  by  localized  plastic  strain  in  large 
prior  beta  grains.  For  this  case  texture  of  the  forged  bars  limited  the 
number  of  active  slip  systems  and  restricted  the  slip  to  a  few  properly 
oriented  beta  grains  (inhomogeneous  slip).  Alpha-beta  working  of  the  beta 
annealed  bars  improved  the  crack  initiation  resistance,  both  by  a  refinement 
of  prior  beta  and  alpha  grain  sizes  (smaller  mean  free  slip  paths  reduce  the 
magnitude  of  localized  plastic  strain)  and  a  modification  of  the  texture 
(more  homogeneous  slip  distribution). 

A  recent  study  used  a  computer  imaging  approach  to  quantify  the  microstructure 
characteristics.  A  variety  of  geometric  parameters  appeared  to  correlate  with 
crack  initiation  and  cycles  to  a  1/32-inch  crack  length.  While  some  technical 
difficulties  still  exist  the  potential  usefulness  of  the  approach  was  demon¬ 
strated  for  tensile  and  fracture  toughness  estimations. 


As  might 
are  simil 
alpha  gra 
again  may 
tures  may 

The  Effec: 
for  fa  tigi 
the  role  i 
Chat  "... 
plastic  b| 
cycled  ca 
nature  of 

Robinson 
dally  pu 
identifie 
Orientati 
sensitive 
and  Birkb 
grain  exe 

Robinson  , 
on  grain  i 
the  grain 
jture  on  f, 


Fatigue-c 
found  tha 
the  linkii 
applied  s 
•at  600°F , 
‘Stage  I  gi 

iaccot  ,p*nh 
jVuen  and  I 
formation 
'and  Eowen 
IK  =  12001 
iscribed  l 
tip.  The 
jrain  siz< 

1 1  signific 
cif  Ti -CAT - 
qontaininr 
with  the  ; 
highest  fj 
treated  ar 
fit  e  to  crj 

i'arrigan  c 
pi'seessin- 
fa  tigue-cr 
coitents, 
an  1  beta  a 
(Ml)  and  s 
improver.en 


As  might  be  expected,  the  general  trends  observed  for  fatigue  crack  nucleation 
are  similar  to  those  noted  for  S-fl  fatigue  life  in  that  smaller  primary 
alpha  grain  sizes  increase  the  time  for  crack  nucleation.  Texture  effects 
again  may  reduce  the  cycles  to  nucleate  a  crack  and  transformed  beta  struc¬ 
tures  may  show  relatively  short  crack  nucleation  times. 

The  Effect  of  Microstructure  on  Fatigue  Crack  Propagation  -  As  was  the  case 
for  fatigue  life  and  crack  initiation,  some  disagreement  exists  concerning 
the  ro.le  of  microstructure  in  fatigue-crack  propagation,  laird^  maintained 
that  "...there  was  only  one  general  mechanism  of  fatigue-crack  growth,  that  of 
plastic  blunting,  so  that  the  microstructure  of  the  material  being  fatigue 
cycled  can  change  only  the  kinetics  of  crack  propagation,  not  the  general  • 
nature  of  the  process." 

Robinson  and  Eeevers^  performed  fatigue-crack  propagation  tests  on  commer¬ 
cially  pure  alpha-titanium  alloys  and  two  distinct  modes  of  crack  growth  v.-ere 
identified.  At  low-growth  rates  the  crack  path  was  highly  dependent  on  the 
orientation. 'of  the  grain  the  crack  was  traversing.  This  microstructural ly,, 
sensitive  Stage  II  crack  growth  has  also  been  noted  by  Hoeppner  for  copper  ' 
and  Birkbeck  et  al.’8  for  low  carbon  steel.  At  high-crack  growth  rates  the 
grain  exerted  little  influence  on  the  crack  path. 

Robinson  and  Beevers^  have  suggested  that  the  extent  of  crack  path  dependence 
on  grain  orientation  was  greatest  when  crack  tip  plasticity  was  less  than 
the  grain  si2e.  This  would  indicate  that  the  major  influence  of  nicrostruc- 
ture  on  fatigue-crack  growth  would  be  most  pronounced  at  1 ov/  AK  and  K^  values. 

14 

Fatigue-crack  propagation  in  Ti-6AJ-4Y(MA)  was  studied  by  Benson  et  al.  who 
found  that  for  low  stress  at  room 'temperature.  Stage  I  cracking  started  with 
tne  i inking  or  a  ions -pete  mierrace  cracxs  growing  au  so'  angles  u>  one 
applied  stress.  At  higher  stresses  at  room  temperature  and  for  all  stresses 
at  600°F,  Stage  I  cracking  proceeded  by  the  linking  of  slip-band  cracks.  All 
Stage  I  growth  was  transgranular,  as  was  all  Stage  II  growth.  Profuse  twinning 
accompanied  crack  growth  but  did  not  appear  to  affect  crack  growth  rates. 

Yuen  and  Leverant''1  showed  that  a  transition  from  cleavage  to  striation 
formation  occurred  at  a  AK  =  12000  psi  /in.  for  T i -6A1  -47 (■■-•A ) .  Stubbington 
and  Bowen '2  found  a  transition  between  Stage  I  and  Stage  II  cracking  at  a 
AK  =  12000  psi  /in.  for  Ti-6A1-4Y.  The  transition  for  both  phenomena  was 
ascribed  to  a  change  from  single  slip  to  multiple  slip  systems  at  the  crack 
tip.  The  same  investigators’^’ ' 2  also  found  that  a  refinement  of  prior  beta 
grain  size  increased  resistance  to  Stage  I  crack  growth. 

A  significant  dependence  of  fatigue-crack  growth  rates  on  the  microstructure 
of  Ti - 6A1 -6V-2Sn  was  shown  by  Amateau  et  al.20.  Mill  annealed  material 
containing  equiaxed  primary  alpha  had  the  lowest  crack  propagation  resistance, 
with  the  aciculor  alpha  structure  resulting  from  beta  annealing  showing  the 
highest  fatigue-crack  growth  resistance  by  a  factor  of  four.  The  solution 
treated  and  aged  structure  also  displayed  high  fatigue-crack  growth  resistance 
due  to  crock  branching  arid  deviation  around  primary  alpha  particles. 

21 

i'.arrigan  et  al.  examined  the  effect  of  aluminum  plus  oxygen  content  and 
processing  parameters  on  fatigue-crack  growth  in  li-GAl-47.  Improvements  in 
fatigue-crack  growth  rates  vie  re  obtained  t>y  dccreosinn  oxyoen  and  aln'iinum 
contents,  especially  for  the  RW  orientation,  lhe  recrystal lized  anneal  (RA) 
and  beta  anneal  products  showed  lower  crack  growth  rates  than  the  annealed 
(MA)  and  solution- treated- uvcr<iqod  (S10A)  products.  For  the  RA  material,  the 
improvement  was  due  to  full  rccryslal 1 izalien  and  an  equiaxed,  fine-grained 
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alpha-beta  structure,  for  the  betivm.iterl.il,  the  Improvement  was  due  to 
refinement  in  prior  beta  grain  size  and  a  fine  aclculnr  alpha  structure. 

22 

Bowen  examined  the  role  of  texture  in  the  growth  of  fatigue  cracks  In 
Ti-6A1-4V  bar.  Crack  growth  was  controlled  by  the  texture  In  the  alpha 
phase  and  the  relevant  slip  systems  for  an  orientation.  Crack  growth  at  low 
rates  was  totally  crystallographic.  Rapid-crack  growth  was  associated  with 
cleavage  or  ductile  tear  modes  of  crack  advance.  Harrigan  et  al.23  found 
basal  plane  textures  control  the  fatigue  -crack  growth  rate  in  Ti-6Al-2Sn- 
4Zr-6Mo. 

The  preceding  discussion  stresses  a  general  conclusion  of  all  of  the  papers 
reviev/ed:  the  more  tortuous  the  crack  path,  the  slower  will  be  the  crystal¬ 
lographic  cracking,  as  long  as  cleavage  and  ductile  tear  are  not  caused. 

2o  a  , 

Ar.ateau  et  al.  u  also  showed  that  no  existing  crack-growth  modei  could  be 
used  to  describe  the  ranking  of  microstructure  or  the  magnitude  of  crack-growth 

rates. 

Additional  work  on  the  role  of  microstructure  by  this  author  and  his  collea¬ 
gues  has  added  further  verification  to  Or.  Griffith's  earlier  observation24-26, 
further  reference  to  the  effect  of  microstructure  on  fatigue  is  provided  in 
references  27-35.  From  the  extensive  literature  available  it  now  appears 
possible  to  state  in  conceptual  energy  terms  the  physical  process  of  fatigue 
crack  growth.  It  is  possible  to  cross  an  energy  threshold  that  will  produce 
fatigue  crack  growth.  When  observation  techniques  permit,  that  growth  can  be 
quantified  in  crack  growth  rate  (da/cK! )  terms.  After  this  energy  threshold  is 
crossed,  "the  crack"  propagates  under  continued  fluctuations  of  load.  On  a 
time  interval  basis  it  should  be  clear  that  the  rate  of  crack  extension  is 
related  to  the  resistance  it  encounters  from  the  surrounding  material.  This 
resistance  can  be  presented  as  surface  energy  requirements  tor  crack  extension, 
plastic  work  terms,  heat  dissipation  and  other  thermodynamic  factors.  As 
Griffith  stated,  and  as  most  of  the  literature  cited  dramatizes,  the  micro- 
structure  is  one-  or  tne  principal  fjoLot  s  uI.ol  •JcU.  ..  i../, ;  the.  energy  require 
merit  for  crack  extension,  v/e  may  r.c;  be  able  to  formulate  all  the  mathematical 
expressions  just  yet  but  v/e  are  beginning  to  understand  the  phenomena  reason¬ 
ably  well.  A  material  was  selected  for  thfs  study  that  would  dramatize  the 
role  of  microstructure  in  fatigue-crack  growth.  Furthermore,  it  has  been 
this  author's  contention  for  some  time  that  the  effect  of  microstructure  on 
the  fatigue  cracking  process  can  be  observed  on  one  specimen  if  or,e  pays 
attention  to  detail,  watches  the  crack,  does  not  smooth  out  real  data  indis¬ 
criminately  and  does  not  attempt  to  overextend  the  real  meaning  of  a  fatigue 
crack  growth  rate  (da/Jll)  versus  change  in  stress  intensity  (AK)  plot.  Thus, 
this  brief  study  concentrates  on  observing,  with  some  attention  to  detail,  the 
crack  growth  process  as  affected  by  microstructure.  Several  studies  are 
underway  at  other  laboratories,  as  well  as  some  at  UM-C,  which  produce  a 
wide  range  in  microstructures  and  then  conduct  tests  on  each  of  the  nn'erostruc- 
tures. 

4.  MATERIAL.  The  material  used  in  this  study  had  a  chemical  composition 
as  listed  in  Table  1.  Typical  microstructures  of  the  material  are  shown  in 
Figure  ?a-d.  Figure  2a  anJ  2b  are  photomicrographs  at  20X  (original  irag.). 
Figures  2c  and  2d  are  photomicrographs  at  500X  (original  inaq.).  The  material 
was  forged  and  heat  treated  such  that  a  prior Ggrain  size  of  0.100  -  0.200 
inch  resulted.  As  will  be  seen  in  the  next  section,  this  prior  6  grain  size 
was  frequently  larger  than  the  specimen  thickness.  The  specimens  for  this 
study  were  sectioned  for  actual  forgings  of  compressor  discs.  Thus,  this  model 
material  also  is  a  real  structural  material. 
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5.  SPECIMEN.  The  specimen  geometry  used  for  this  study  is  shown  in  Figure 
2.  Figure  4  is  a  photograph  of  one  of  the  specimens  used  in  the  study. 

Fatigue  precracking  v/as  conducted  in  closed  loop  load  control  and  the  final 
prccrack  length  v/as  nearly  identical  in  all  specimens.  The  fatigue  crack 
growth  tests  were  conducted  in  closed  loop  equipment  under  load  control.  The 
load  was  initially  set  so  that  the  initial  calculated  K  level  was  the  same  in 
each  specimens.  Observations  related  to  the  crack  growth  were  continually 
piade  and  the  raw  data  resulting  from  the  experiments  was  crack  length  (a) 
and  number  of  cycles  of  sinusoidally  reversed  load  at  20  Hz.  Crack  length 
readings  were  made  on  the  front  and  back  face  of  the  specimen.  Because  of  the 
large  prior  ?  grain  size  and  the  variation  in  microstructure  possible  in  a 
given  specimen  the  front  and  back  face  readings  frequently  differed  a  great 
deal.  However,  this  difference  is  attributed  to  the  m'crostructure  -  not  to 
test  technique.  All  of  the  best  fatigue-crack  growth  test  practices  were 
followed.  The  results  from  the  tests  follow. 


TABLE  1_  Chemical  Composition* 


Constituent 


Percent  of  Constituent 


Aluminum  (A1 ) 
Zirconium  (Zr) 
Molybdenum  (Mo) 
Silicon  (Si) 
Iron  (Fe) 
Hydrogen  (H_) 


5.7  -  6.3 
4.0  -  6.0 
0.25  -  0.75 
0.10  -  0.40 
0.2  max 
0.006 


Brochure 


*Comercial  designation  IM1  6Q5 
Nominal  composition  from  IMI 


6.  RESULTS.  Figure  5a  and  5b  present  the  crack  lenqth  (a)  versus  cycles 
(N)  plot  and  the  fatigue-crack  growth  rate  (da/ali)  versus  change  in  stress 
intensity  (£K)  plot  for  one  of  the  specimens.  Figures  6  to  14  then  present 
the  same  two  respective  plots  for  nine  (9)  additional  tests.  The  crack  lenqth 
plotted  is  a  linear  average  of  the  front  and  back  face  readings.  This  proce¬ 
dure  nay  introduce  so^e  error  because  of  the  difference  sometimes  observed 
due  to  microstructure.  Given,  however,  that  the  microstructure  is  random  this 
may  average.  It  is  not  my  intention  to  either  overkill  the  point  or  to 
produce  a  bulky  paper.  The  reason  I  have  presented  the  large  amount  of  data  is 
to  show  that  the  discontinuities  in  the  fatigue  crack  growth  process  are  not 
a  single  specimen  anomaly.  Data  are  presented  herein  for  four  thicknesses,  viz. 
2.00  mm.,  2.25  r.m. ,  3.00  run.,  3.99  mm.  Data  on  thicknesses  12  n«i  and  25  mm  are 
being  generated  at  the  current  time.  These  data  being  generated  are  important 
to  the  case  where  the  prior /5  grain  size  is  less  than  the  specimen  (structural) 
thickness.  Clearly,  a  continuum  problem! 

During  each  test,  the  observer  would  take  readings  of  crack  length  at  a 
predetermined  number  of  cycles.  It  v/as  frequently  observed  that  tbc  crack 
would  either  decelerate  markedly  or  stop  for  some  period.  Tiiis  is  evidenced 
in  Figures  5a  -  14a  by  changes  in  slope  of  the  a  vs.  N  plot.  As  will  bo  noted 
in  the  plots,  frequent  horizontal  "arrests"  occur.  These  "arrests"  markedly 
affect  the  total  cycles  to  failure  of  a  given  specimen  and  obviously  affect 
the  instantaneous  crack  growth  rate.  It  will  be  noted  that  if  an  "arrest" 
occurs  early  in  the  crack  growth  process  a  largo  extension  of  life  results. 
These  changes  in  slope  anil  "arrests"  ore  the  direct  result  of  local 
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microstructural  changes.  In  addition  to  tho  dncclcr.it  ion  or  arrest  of  the 
crack  It  frequently  was  observed  that  cracks  would  hurst  (accelerate  rapidly) 
at  tines.  This  also  Is  related  to  micro*. tructurc.  Preferential  orientation 
for  cleavage  or  groin  boundary  drcohrslon  results  in  acceleration  of  the  crack. 
As  originally  suggested  Ly  Or.  Griffith,  and  el. .unrated  on  by  this  author  on 
many  occasions,  this  type  of  behavior  Is  the  result  of  the  localized  Ccpacket 
size,  local  crystallographic  orientation,  prior  grain  size,  localized  modulus 
(compliance) ,  Cktype  (acicular,  equf axed, etc )* .  It  Is  not  the  intent  of  this 
paper  to  go  into  the  detailed  mechanisms  of  crack  growth  but  to  dramatize  that 
the  raicrostructure  has  an  effect. 

The  da/dN  vs  AK  plots  presented  in  Figa  5b  to  14b.  exhibit  a  dispersion  of 
data.  These  plots  result  from  the  a-N  plots.  Some  investigators  would  take 
the  a-fi  plots  presented  herein  and  smooth  them  out  "by  hand"  or  with  a 
"smoothing  function." 

In  this  study,  we  let  tho  data  sneak  for  itself!  A  point-by-point  (a) 
incremental  method  was  used  to  obtain  the  da/dN  values.  The  AK  value  was 
calculated  at  the  centra]  point.  Use  of  the  point-by-point  method  provides 
seme  assessment  of  the  variation  in  da/dN  that  results  from  the  microstructural 
variation. 

7.  DISCUSSION  OF  RESULTS.  The  variation  in  a-N  behavior  and  dispersion  of 
da/dN  data  suggest  a  large  variation  that  can  be  attributed  to  localized 
microstructural  variation.  It  has  been  known  that  the  fatigue-crack  growth 
rate  is  a  functional  relationship  of  the  following  form: 
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The  factors  listed  in  equation  1  are  extrinsic  in  the  main.  [The  stress 
(strain)  must  include  consideration  of  internal  stresses].  The  manner  in 
which  these  parameters  are  combined  is  directly  related  to  the  intrinsic 
material  character.  Intrinsic  factors  that  are  believed  to  relate  to  the 
fatigue  crack  growth  behavior  are: 

material  chemistry 

nicrostructure  (crystallographic  texture) 
working  texture 

*  A  factor  being  neglected  in  this  current  discussion  is  the  residual  stress. 
It  is  believed  that  the  residual  stress  is  a  significant  factor  in  fatigue- 
crack  growth,  lie  have  efforts  underway  to  study  this  variable  in  more  detail 
(see  M.  S.  thesis  of  Ms.  Cole  on  attached  list). 
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Obviously  the  way  these  factors  contribute  to  crack  growth  will  be  directly 
related  to  the  processing.  The  combination  of  factors  thus  will  yield  in 
■initial"  statistical  distribution  of  fatigue  crack  growth  parametrics.  It 
has  been  demonstrated  that  the  above  factors  can  relate  to  statistical  dis¬ 
tributions  whose  central  tendencies  and  dispersion  may  change  in  service  -- 
depending  on  carrier  function,  environment,  etc. 

frequently,  it  is  common  to  attempt  to  fit  a  straight  line  to  da/dN  vs.  AK 
data  that  art  piottedon  a  log-log  basis.  Note  that  the  da/dN  vs.  AK  plots  in 
figures  5b  to  14b  are  plotted  on  a  log-linear  basis.  The  common  equation  used 
to  "fit"  crack  growth  data  is 
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K  »  f  '  i*_ 


(2) 
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As  indicated,  after  the  parameters  (incorrectly  called  constants  all  too 
frequently)  C  and  n  are  evaluated  by  experiment,  it  is  possible  to  integrate 
the  paiiat.ion  to  determine  residual  fatigue  life  for  a  given  distribution  of 
initial  flaw. sires  (either  assumed  or  determined  from  flaw  size  desion 
allowables).4  .  . . 

As  pointed  out  by  this  author  and  Professor  Freudenthal ^  on  many  occasions, 
even  though  this  approach  may  be  simplistic  and  provides  a  nice  conceptual 
package  for  introducing  fatigue-crack  growth  to  life  prediction,  it  may  be 
quite  misleading.  Equation  2  is  of  course  the  equation  of  a  straight  line 
of  a  plot  of  da/dN  vs.  AK  on  a  log-log  basis.  It  is  now  appropriate  to  ask 
how  one  would  "fit"  a  straight  line  to  the  data  of  this  study.  Furthermore, 
the  utilization  of  equation  2  does  not  fit  the  physical  boundary  conditions 
that 
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K,.  -  threshold  stress  intensity,  ksi  /in 

[level  of  K  below  which  a  crack  will  not  propagate  - 
sec  quote  from  Or.  Griffith  in  Introduction]. 

Thus,  the  fatigue  crack  growth  data  betomos  an  asymptotic  distribution  func¬ 
tion.  rrcuile -ii t hal  ^  proposed  a  form  of  exponential  that  more  realistically 
fit  the  data.  However,  Howie  and  lloeppner^  proposed  a  fitting  function  as 
shown  below. 
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This  equation  has  not  been  fitted  to  the  datn  of  this  study-  that  effort  is 
underway.  However,  Equation  3  has  been  found  to  fit  fatigue-crack  growth 
data  and  to  provide  a  physical  rationale  for  changes  in  the  fitting  function 
that  result  from  changes  in  nicrostructure.  The  above  equation  is  basically 
a  four  parameter  approach.  The  parameters  are  e,  k,  v,  and  K^.  It  has  been 
found  that  changes  in  nicrostructure  result  in  changes  of  all  four  parameters. 
Furthermore,  it  is  not  usually  realistic  in  formulating  a  fatigue  life*  pre¬ 
diction  to  truncate  the  lower  and  upper  portion  of  the  curves.  These  portions 
of  the  curve  influence  the  fit  a  great  deal  as  demonstrated  in  (38,39). 

Further  research  is  underway  at  UM-C  to  complete  the  curve  fits  for  different 
ir.icrostructures  of  titanium. 

Figure  IS  is  a  composite  a-f!  plot  for  the  ten  specimens.  The  dispersion  of 
results  is  accentuated  and  the  discontinuities  in  the  lower  portion  of  the 
curve  are  more  apparent.  It  is  suggested  that  development  of  the  curves  at 
even  lower  rates  would  accentuate  the  nicrostructure 1  differences.  It  also  is 
apparent  in  the  composite  a-Ii  plot  that  after  a  length  of  crack  of  about  0.95 
inch  is  attained  there  is  no  apparent  difference  in  the  curves.  In  other  words 
they  could  be  superimposed.  It  is  apparent  here  that  the  continuum  strain 
field  is  now  dominant  and  rr.icrostructure  does  not  nave  a  discernible  influence. 
It  is,  of  course,  known  that  nicrostructure  does  influence  the  instability 

r>A 

Upon  detailed  examination  of  the  da/dii  vs.  £K  plots  it  is  observed  that  a 
rather  extensive  dispersion  of  the  data  exists.  This  dispersion  is  extremely 
useful  to  the  curve  fitting  techniques  described  and  thus  gives  a  good  indica¬ 
tion  of  the  scatter  in  data  for  a  given  nicrostructure.  It  is  suggested,  and 
as  reviewed  in  the  introduction,  that  a  different  microstructure  will  have  a 
different  distribution  and  this  will  be  evidenced  in  the  four  parameters.  If, 
however,  one  were  to  view  the  data  at  higher  crack  growth  rates  and  plot  on 
log-log  paper  it  would  be  possible  to  conclude  that  microstructural  changes 
introduced  by  processing  and  alloying  produce  no  effect  on  fatigue-crack 
growth.  However,  it  is  asserted  that  such  a  conclusion  is  not  valid  for  many 
naterials. 

8.  CONCLUDING  RMIAftK.  It  is  shown  that  within  a  given  titanium  alloy  the 
local  variations  in  nicrostructure  produce  gross  changes  in  the  fatigue  crack 
growth  behavior.  The  potential  for  alloy  tailoring  to  optimize  fatigue  crack 
growth  resistance  appears  very  good.  This  observation  has  already  been  ex¬ 
ploited  in  many  applications  as  it  was  suggested  by  Or.  Griffith.  It  is  hoped 
that  as  we  move  toward  inclusion  of  fatigue-crack  growth  as  a  primary  design 
consideration  we  utilize  data  transformation  and  presentation  procedures  that 
more  realistically  represent  the  physics  of  the  cracking  process. 
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Figure  2.  Typical  photomicrographs  shov/ing  the 
micros  true  tur  e  of  t  fie  ipaterial  used  in  this  straw. 
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THE  EFFECT  OF' TEMPERATURE  AND  R  RATIO 
ON  FATIGUE  CRACK  GROWTH 
IN  A6I2  GRADE  B  STEEL 


CHI  UNC.  I’fXlN 

University  «>f  Missouri.  College  of  engineering.  t'otumhia.  MO  f>52!) I .  ll.S.A. 

am) 

DAVID  W.  HOI  PPNf  R 

University  of  Toronlo.  Department  of  Mechanical  engineering.  Toronto.  Ontario.  Canada  M55  IA4 

Ali'tract— f  atignc  cr.tcli  pmp.iptipn  rate'  in  AST\f  A6I2  Grade  B  steel  were  investigated  at  room 
temperature  and  -  1 00  I  1-7*  0  wtih  It  ratio  *  -0.1  and  *067.  The  data  were  evaluated  in  terms  i  f  the 
crack  propagation  rates  Idu/diV)  as  a  function  of  the  alternating  stress  intensition  (A/v).  according  to 
dnfdiV  =  e  *  (i-  -f)(-  In  ( I  -  AK/K»n''1.  It  was  found  that  crack  growth  Piles  were  increased  due  to 
increasing  R  ratio.  Also  the  dependence  of  crack  growth  rales  on  R  ratio  is  strongest  at  the  lowest  crack 
growth  rates  where  a  AK  fatigue  threshold  is  established.  Crack  growth  tales  were  decreased  due  to 
decreasing  test  temperature  in  the  slow  crack  growth  region.  However,  it  was  found  that  crack  growth  rates 
were  increased  doe  to  decreasing  lest  temperature  in  the  fast  crack  growth  region  near  the  upper 
instability  asymptote.  Decreased  tc-t  temperature  and  increased  R  ratio  interact  synergetically  to  increase 
crack  growth  rates  for  the  entire  range  of  AK. 


V 

V. 


INTRODUCTION 

Most  Esc.isn  ring  structures,  when  subjected  to  arictnudni;  wi!!  fail  bv  fatigue 

which  is  a  progressive  process  involving  initiation,  propagation  and  instability  of  a  fatigue 
crack.  Fatigue-crack  growth  hits  been  known  to  be  allccted  by  many  external  and  internal 
variables,  but  lest  temperature  and  R  ratio  arc  among  the  most  imprtant  external  variables. 
Fracture  toughness  of  most  ferritic  and  .martensitic  steels  decreases  markedly  with  decreasing 
test  or  operating  temperature.  Clark  and  Trout,  in  their  studies  on  the  cfTect  of  test  temperature 
in  the  range  ftom  70T  (2 IX)  to  -IOOT-'  (-73X1  on  fatigue-crack  growth  rates  in  a  forging 
grade  Ni-N(*-V  steel,  found  that  the  crack  growth  rate  for  a  given  alternating  stress  intensity 
decreased  as  the  test  temperature  decreased 1 1|.  Andreasen  and  Vitovec  investigated  the  effects 
of  temperature  on  fatigue  crack  propagation  in  an  A.P.I.  5f.  Grade  II  steel  in  the  range  from 
+  70‘C  to  -  MFC  and  concluded  that  fatigue-crack  propagation  rate  at  a  fixed  stress  intensity 
has  a  maximum  at  room  temperature |2|.  Rolfc  and  Mun.se  found  for  mild  steel  that  as  the  test 
temperature  decreased  from  70"F  (2I°C)  to  -40°F  (-40X1.  the  fatigue-crack  growth  rate 
decreased!?). 

The  e  fleets  of  R  ratio  on  fatigue-crack  growth  has  been  studied  by  many  investigators  in 
many  different  materials )4-7j.  Generally.  R  ratio  is  found  to  influence  fatigue-crack  growth 
rates,  with  increased  R  ratio  was  most  influential  at  the  lowest  crack  growth  rates  were  a  A/s 
fatigue  threshold  is  established. 

’I he  Paris  relation  du/tlN'  DlAk'f  has  limited  usage  in  lilting  a  curve  to  the  entire  range 
of  fatigue-crack  growth  rate  data.  'I here  is  no  teim  in  this  simple  relation  to  account  for  the  R 
ratio  elfeets,  the  tempo aturc  effects  and  the  combined  effects.  Ilccanse  these  external 
parameters  cm  modify  the  response  of  the  ntaloul  to  the  cyclic  loads  the  empirical  parameters 
from  any  fitting  function  must  be  such  that  they  idled  these  effect-..  I  hoe  ate  other  potential 
fitting  functions  lli.it  more  accurately  reflect  changes  in  extent, d  parameters.  I  lie  Paris  relation 
h;is  been  modified  by  many  rnvc\trg.ilor\|X  II)  but  none  of  these  proposed  models  can  account 
for  the  combined  effects  salts!. k lonly.  Howie  and  llocpprier  proposed  a  relation  based  on  the 
Four  Parameter  Weibnll  Suvivotship  I  unction  to  lit  a  median  curve  to  ctack  growth  rate 
data 1 1?|  Many  investigators  have  used  this  relation  and  concluded  that  it  net  rifatelv  Ins  tbr/JN 
vs  A/s  over  the  cnliiel  H- 1('|.  lire  font  pai.unctcis  of  the  emse  iritmg  iclatitm.  which 
can  be  determined  analytically,  at  count  for  the  ctlcets  of  test  v.uial.les  on  fatigue  rt.tck  growth 


rates. 
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KXITIKIMFNTAI,  I’KOCFMIKI-: 

The  matciia!  used  in  this  investigation  was  ASiM  A612  Grade  D  steel.  The  chemical 
composition  and  mechanical  properties  are  listed  in  Table  I. 

Four  Wedge-Open  Loading  (WOI.)  specimens  were  machined  according  to  the  dimensions 
shown  in  Fig.  I.  The  smface  of  the  specimen  was  polished  by  400  Grit  Silicon  Carbide  paper. 
The  direction  of  polishing  was  pcipendicular  to  the  direction  of  crack  growth.  The  specimen 
was  mounted  in  a  servo-controlled  electrohydraulic  fatigue  machine  and  was  subjected  to  a 
sinusoidal  cyclic  load  for  precraeking.  During  prccracking.  the  total  crack  growth  was  ap¬ 
proximately  0.1  in.  (0.254  cm).  The  final  0.025  in.  (0.063  cm)  of  the  crack  growth  was  accom¬ 
plished  by  a  reduced  load  such  that  the  alternating  stress  intensity  at  the  end  of  precracking  did 
not  exceed  that  at  the  beginning  of  the  fatigue  crack  growth  test  which  was  performed 
immediately  after  precraeking. 

Fatigue-crack  growth  tests  were  performed  at  room  temperature  (about  70eF,2I*C))  and  at 
-I00'C  (-7.VC)  with  an  It  ratio  (ratio  of  minimum  load  to  maximum  load)  equal  to  +0.1  and 
+  0.67.  A  sinusoidal  loading  waveform  at  a  frequency  of  10  Hz  was  used  for  the  tests.  The 
specimen  was  cycled  to  failure.  The  crack  tength  was  measured  periodically  during  the  test  at  a 
predetermined  number  of  load  cycles  by  a  forty-power  (40  x )  travelling  microscope. 
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s  Table  I.  Chemical  competition  ami  ni.iicri.il  properties  of  I  he  test  material 


IlC'cnt 

Pprcrnt 

Carton 

o.zs 

Himianosr* 

1.79 

fho'.jihorous 

.013 

Sulfur 

.07  7 

SI  1  Ir  i.o 

.30 

Coivcr 

.77 

Mlclct 

.71 

Ch  rofl’l  ufi’ 

.70 

Material  Proicrttet. 

Yield  Stir.% 

6 SO J0  |.ll  (4  74.411  ltl/n* 

Ultimate  Tr ns  1  le 

Strrnqlh 

VsHtO  p-.l  (#.*0.411  ffi/« 

llong.ulcn 

n- 

The  cffccl  of  {cinpcr;ilnrc  ;iml  K  Mlin  on  f.ilijnie  crack  growth  in  AMI  grade  II  vied 
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A  Stainless  steel  cooling  t;ink  with  a  transpaimt  viewing  side  was  constructed  for  low 
temperature  testing.  A  mixture  of  freon  anil  iliy  ice  was  used  as  a  cooling  medium  in  wheih  the 
specimen  was  submerged.  The  test  temperature  was  monitored  by  a  thermocouple  located  close 
to  the  crack  tip  of  the  specimen. 

miSI-iNTATION  AM)  DISCUSSION  OF  TliST  UHSULTS 
The  raw  data  obtained  in  this  investigation  consisted  of  pairs  of  crack  length,  <t.  vs  the 
number  of  load  cycles.  N.  The  pairs  of  ti-N  values  were  further  reduced  to  crack  growth  rate, 
daldN,  vs  alternating  stress  intensity.  A/s',  values.  The  raw  data  and  the  reduced  data  where 
shown  in  the  appendix.  The  methods  of  the  calculations  were  given  in  Ref. [17). 

Pairs  of  daldN  vs  A K  values  were  plotted  on  a  log-linear  basis  as  shown  in  Figs. 2-5.  A 
curve  fitting  relation  based  on  the  Four  Parameter  W’cihull  Survivorship  Function  was  used  to 
fit  a  median  curve  to  the  data.  This  curve  fitting  relation  is  given  in  cqn(l),  below: 

dafJN-e  +  (!>-«.’)(-  In(l-AK/K*))m  (1) 

where  k,  c  and  v  arc  parameters  related  to  the  intrinsic  material  parameters  and  the  extrinsic  test 
parameters.  Kh  is  the  alternating  stress  intensity  which  has  the  following  characteristic: 

lim  (da/d/i)-*  infinity  (2) 

O  K-Kh>. 

These  four  parameters  were  computed  using  regression  tcchnicpies.  The  results  were  shown  in 
Table  2.  A  comparison  of  the  curve  fitting  relation  used  in  this  investigation  with  other  relations 
can  be  found  in  Kcf.|  13).  A  discussion  of  the  theory  of  the  analytical  procedure  is  given  in 
Refs.  [1.1- 1 5|. 

Rearranging  eqn(l).  A K  can  be  solved  for  in  tcrms*of  daldN : 

A K  =  A.',, (I  -exp i~(dafdN -  eJHv  -  {3; 

The  lower  asymptotic  condition  of  the  daldN  vs  A K  curve  can  be  solved  for  by  substituting 


T;iWc  1.  RcMilts  of  the  calculations  for  the  values  of  (he  four  Wcihull  parameters  and  l ho  lower  threshold 


<n#Hrv« 

of  te^t  cc^ittlo.-s 

Upper  InsUbitity 
p>rjreter. 

fc  c  i  ,m  «* 

(urj.o) 

Threshold 

—  •>«•  a—v.  s'" ‘  •  e 

k  (rr/cyclc) 

Characteristic 

*.  •  MC  ,  1 

{"•s/cyeic) 

Lower 

t r,  y 

HP- 1 

R-OO 

Roon  Teri-cr^ture 

60.37 

(65.33) 

-B.19.10'6 
08°  (-2.07. 10"4 ) 

1.91. I0'5 
(4.85. I0'4) 

19.15 

(21.04) 

HP-Z 

R»*.67 

Rocn 

32.5 

(35.71) 

-♦.U-IO'7 
°-56  (-1.04.I0'5) 

3.25.10'6 

(8.25.10'5) 

8.24 

(9.05)  . 

HP- 3 

R’*. 10 

-tOVf  (-73*0 

44.43 

(4fl.fi1) 

.  ,<  -4.37.t0'5 

(-1 ,31. to'5) 

2.83.10'6 
(9.2  .10'5) 

20.96 

(23.03! 

“P-4 

-100*r  ( - 1 3"C ) 

19.53 

(21.«6) 

99.01 

(-5.P9.10  ) 

-4,:r.io's 

(-1.09.IC'4) 

13.33 

(14.71) 

/ 


dul dN  =  0  info  cc|n(3).  Let  K„,  =■  SK  when  da/dN  •-  0,  ci|U (3)  can  he  written  .is: 

*.i,=  K,.(  1  -  c.spl  ~  (--  c)/(v  -  e))1).  (4) 

1  he  values  of  ( lie  lower  I  hi  eshohl  k„,  were  e;ih  ul.ilcd  hy  iisiin:  c<(n(4)  .mil  w  eiO  show  n  in  Table 
2.  A  composite  plot  of  da/dN  vs  SK  values  ami  median  emves  fv>r  eompaiison  of  lernperufure 
and  K  ratio  elfeets  is  pivcu  m  I  ip.  f*. 

Hy  increasing  the  values  of  the  vntuhlc  U  latio  from  1 0. 1  to  Mi.fJ,  the  following  elfeets 
were  t»l"-ei  veil  tnuler  holh  lempeiafuie  conditions  I  he  Clack  piovvlh  rale  curve  was  shifted  to 
the  left;  the  upper  instability  par. nuclei.  As’,.,  and  the  lower  thieshohl  p.u.uneter,  K..,,  were  both 
reduecd  to  lower  AK  values;  the  si/e  of  the  interval  of  M\  between  the  upper  and  the  lower 
asymptotes  was  compressed;  ami  the  slope  of  the  median  curve  between  the  two  asymptotes 


1h<  tiled  of  Icmpcr.ilmc  ;md  K  ratio  on  fatigue  truck  growth  in  ,Wil2  hr:nlc  II  steel 
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Fig.  6.  Conposilc  log-linear  plot  of  dii/d N  vs  AK  used  to  compare  temperature  and  K  ratio. 

was  increased.  Thus,  at  higher  R  ratio,  fatigue  crack  can  he  initiated  from  a  smaller  critical  flaw 
dimension.  These  results  were  in  agreement  with  those  of  other  investigators. 

At  R  =  +0.1,  decreasing  the  test  temperature  from  room  temperature  to  -lOOT  (-7.VC) 
reduced  the  value  of  K*  from  60.37  hsi\/(in)  (66. 33  MI’aV/m)  to  44.43  ksi\/(in)  (4S.8I  MPaV m). 
However,  the  value  to  K',„  was  increased  slightly  from  19. 15  ksiV(in)  (21.04  MPa Vm)  to 
20.96 ksi\/(in)  (23.03  MPaVm).  The  median  curve  for  low  temperature  remained  below  that  for 
room  temperature  until  at  AK  -45ksi\/(m)  (49.44  MPaVni).  it  then  crossed  over  the  other 
curse  and  remained  above  it.  'I  he  si/e  (if  the  interval  of  A/x  between  the  two  asymptotes  was 
reduced  from  41.23  kxi\/(int  ( 45.3  MI’.iY  m)  to  23.7  ksivun)  ( 26.04  MPa \/m)  when  the  test 
temperature  seas  lowered.  Note  that  the  value  of  K',tl  of  20.96  ksiyfin)  reported  heiein  was  high 
sshen  compared  with  the  threshold  stress  intensity  for  low  alloy  steels  reported  in  the  literature. 
The  discrepancy  may  he  caused  hy  extrapolating  the  limited  amount  of  data  points  in  the 
threshold  regime  available  in  this  study  to  the  limit  of  /cio  crack  growth  rate. 

At  R  4  0  f»7.  decreasing  the  test  temperature  reduced  K,,  from  32.5ksiV(m) 
(35.71  MP.iV'm)  to  19 M  ksi\  (in)  (21  -16  MPa\  ml.  N.,,  ssas  increased  from  h  24  ksi\ ’(in) 
(9.0k  MP.i\  m)  to  I  V.39  ksi  V  (in)  ( 1-1.7 1  M  I’a \/m  |  the  median  imse  for  low  temper. itiuc 
remained  below  the  median  curse  for  loom  tcmpeiatuic  from  K'.,.  to  AK  16  k  s«  \,/  (in) 
( 1 7.5X  MP.i\/m).  then  it  ciossed  O'er  the  other  cause  and  fvui.imcd  above  it  I  lie  si/c  « > f  the 
interval  of  A K  between  the  two  assitiploles  ssas  compressed  from  24.26  kstVpu) 
(26  65  MP.i\/m)  l..  .  14  ksiv'lm)  (0  7S  MP,,\  ,„) 

Investigators  ex.uniiimg  the  low  tempei.itiiie  elicits  of  fall;  -ue  crack  giowtli  i.iles  repoited 
(that  the  crack  growth  rate  ss.o  dec  i  eased  foi  a  given  value  of  A  R  when  the  les'  lempei.ilure 
was  reduced  lire  results  oTlIus  expenrneiil  showed  lliat  the  (lack  giowtli  late  was  dee  leased 
for  a  given  value  AN  between  K, h  and  smne  higher  AK  value  m  the  sl.iw  clack  growth  legion. 
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Higher  crack  growth  rales  were  obtained  when  AK  was  in  the  fast  crack  growth  region  near  the 
upper  instability  asymptotic  value. 

Low  temperature  and  high  R  ratio  apparently  interact  to  produce  higher  fatigue-crack 
growth  rates  in  the  entire  interval  of  AK  between  the  two  asymptotes  (compare  the  median 
curves  for  R  ~  +0.1,  room  temperature  anil  R  ---  +0.07.  -11I0T  in  Fig.  6).  The  tipper  instability 
parameter,  K\.  was  reduced  to  a  greater  extent  because  lower  test  temperature  tenccd  to 
increase  the  value  of  K,h  while  higher  R  ratio  tended  to  reduce  it.  Ihe  results  indicate  that  the  R 
ratio  variable  produced  a  stronger  effect  in  reducing  the  threshold  than  the  test  temperature  in 
increasing  it. 

Although  further  data  are  desirable  to  define  the  variability  of  the  data  and  obtain  a  better  fit 
median  curve,  the  effects  of  temperature  and  R  ratio  aie  clear.  I  lowevci  .  it  is  emphasi/cd  again 
that  fatigue-crack  growth  data  over  the  entire  range  of  interest,  from  K, i,  to  Kh.  are  needed. 
Also,  enough  points  arc  needed  to  allow  a  numerical  optimisation  of  the  lit. 

Variation  in  fracture  appearance  of  the  specimen!  with  test  temperature  is  shown  in  Fig. 7. 
The  crystalline  facets  found  on  the  flat  fracture  surface  of  the  specimen  tested  at  -  U)0"F 
clearly  indicated  a  cleavage  mode  of  fracture  which  was  different  from  the  ductile  mode 
exhibited  by  the  massive  plastic  tearing  found  on  the  fracture  surface  of  the  specimen  tested  at 
room  temperatiue.  This  contrast  in  fracture  surface  appearance  is  quite  evident  in  l'igs.7(a-d) 
for  the  conditions  cited  in  the  figure  caption.  Note  that  the  size  of  the  region  of  stable  crack 
growth  was  reduced  when  the  test  temperature  was  decreased. 

The  fracture  surface  was  examined  at  higher  magnifications  by  using  a  Bausch  and  Lomb 
SFM  II  scanning  electron  microscope  and  the  fractographs  obtained  arc  shown  in  Fig. 8.  Details 
of  the  SF.M  specimen  layout  for  fraetographie  studies  are  presented  in  Table  3.  In  Figs. 8(a)  and 
(b).  the  fracture  surface  of  the  specimen  tested  at  -lOOT  with  R  =  +0.67  exhibits  cleavage 
facets  and  short  intergranular  cracks  which  arc  typical  features  of  cleavage  fracture.  In  Figs.  8(c) 
and  (d).  exhibits  dimples  and  fibrous  regions  which  arc  typical  features  of  ductile  fracture.  It  is 
clear  from  these  fractographs  thai  the  fatigue-crack  growth  process  below  the  transition 
temperature  involves  a  different  mechanism  of  crack  growth  than  above  the  transition 
temperature. 


CONCLUSIONS 

Crack  growth  behavior  of  ASTM  A612  Grade  B  steel  was  examined  at  room  temperature 
and  at  —  100ci-'  (—  73CC)  with  R  ratio  =+ 0.1  and  +0.67.  The  results  lead  to  the  following 
conclusions. 

(1)  A  curve  fitting  relation  based  on  the  Four  Parameter  Weibiill  Survivorship  Function 
provided  a  much  more  adequate  curve  fit  for  crack  growth  rale  data  than  other  proposed 
relations.  The  effects  as  well  as  the  synctgistic  interaction  of  test  variables  can  be  accounted  for 
by  the  four  parameters  wluch  can  he  analytically  determined.  Also,  once  the  four  parameters 
have  been  obtained,  inference  can  be  made  on  the  threshold,  K,h. 

(2)  The  effects  of  increasing  the  R  ratio  were  to  cause  an  increase  in  the  crack  growth  rates, 
a  decrease  in  the  values  of  K,.  and  K,n.  and  a  compicssion  of  the  tango  of  IK  between  the 
upper  and  the  lower  asymptotes. 

(3)  Lowering  the  test  tcnipeiatmc  from  room  temperatiue  to  -  l()()T  decicascd  the  crack 
growth  rates  in  the  slow  stack  giowih  region  between  K„,  and  sonic  higher  AK  value. 
However,  the  crack  giowtli  rates  in  the  fast  slack  giowih  region  near  K,.  were  increased.  In 
addition,  lowering  the  test  temperature  increased  K,..  I  lie  range  of  AK  between  the  two 
qsymplotes  was  also  compressed 

(•1)  'Ills’  combined  effects  of  decreased  test  temps  ratine  and  increased  K  latio  produced  an 
increase  in  crack  growth  rates  m  the  entire  range  of  AK.  ANo  Kk  was  reduced  to  a  greater 
extent 

(M  Ijaetographie  analysis  indicated  that  the  fi.islnie  mechanism  chanced  from  ductile 
fracture  to  cleavage  (laslinc  when  the  lest  tempo. rime  was  toweled  (tom  loom  temperature  to 
-  WOT  f-  73  C) 

It  is  to  be  emphasized  ih  it  sciy  limned  data  aie  as.nl able  in  llns  studs’  and  the  literature 
concerning,  the  effect  of  temper. iime  and  R  ratio.  I  inlheiinuie,  because  nunc  data  arc  needed 
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(b)  (d)  •  .  - 

I  ip  Jtt.i)  Scanning  electron  MicroeiapJi  of  frutlmc  surface  of  specimen  tested  .it  Itwi  |  (  7'  Cl  with  K  -  »0(*7;  cleavage 
facets  and  short  intergranular  cracks  arc  found  on  the  fracture  surface  ( MKi  *  magnification).  t h)  a  magnified  j 
vie*  of  a  cleavage  facet  on  the  fracture  surface  is  shownt  1 5CK1  x  maciulieationl.(c)  dimples  and  fibrous  regions 
are  found  on  the  fracture  surface  (KIK) x  magnification);  (d)  dimples  and  nncrocracks  arc  sho*n  (IWx 

magnification). 
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Th«  effect  of  temperature  and  K  r.ilio  on  fatigue  cr u  k  growth  in  AM  7  grade  II  sled 
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Table  l  SI  M  specimen  l.i\ on!  for  fr.i*  lori.ipluc  studies 


Avf r^r*  Di'.t.mce 

of  the  SpfCir-on 

from  the  Notch 

Tf'.t  Condition^  Tip,  In  (rp) 

A/rr,iqf»  d«*/d*I 

.10  ,  m/cycln 

Aver’A'Jf  Ar 
lie  t  ,T *r»  (t'.Pj,  m) 

•  100*f.  1)  •  ‘0.67  0.7S  (6.39) 

3.65  (92.  71  ) 

14.4  (15.8) 

Room  Tfnp.  ,  P.  •  *0.67  O.RS  (21. SI) 

5. <9  (13.94) 

2  3. 7  (26.0) 

to  adequately  fit  the  Wcibull  Survivorship  function  tlic  results  presented  hcrin  should  he  viewed 
as  tentative  until  salistncially  planned  experiments  can  he  conducted  and  also  until  more  data 
can  be  generated  in  the  threshold  and  instability  regimes. 
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A  WEIHULL  ANALYSIS  Of7  FATIGUE-CRACK 
PROPAGATION  DATA  FROM  A  NUCLEAR 


PRESSURE  VESSEL  STEEL 
/ 

(i.  C.  SAI.IVAR  and  I).  W  [ini-ITM  Kj 
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A^lracl— Trchnii|iics  of  uifvt*  filling,  h.ivcd  upon  .in  cqu.ilion  in  the  form  of  l he  four  p.ii,iuu*ur  W ahull  J  /"  v  W 
Survivorship  Function.  .ire  pfoented  for  the  rcdtkhon  of  f.ineuc  track  prop.ication  r.iic  d.d.i  obf  mud  from  v  ^ 

a  nuclear  prcwwrc  vessel  steel.  The  importance  of  data  in  the  near  threshold  and  the  high  crack  propagation 
rate  regions  of  the  >»V  vs  A  A,  curve,  as  it  relates  to  the  curve  fit.  is  demonstrated  with  respect  to  a 
change  in  the  four  parameters  of  (he  Wcihull  function. 


INTRODUCTION 
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Curve  rtrrtsr.  techniques  are  essential  to  ;i  life  prediction  utilizing  the  fatigue-crack  propagation 
characteristics  of  a  material.  An  equation  in  the  form  of  tiic  four  parameter  Wcihull  Survivor¬ 
ship  Function  is  useil  in  this  work  and  applied  to  the  data  obtained  from  three  compact  tension 
specimens  of  ASTM  53311-1  nuclear  pressure  vessel  steel.  The  specimens  are  subjected  to 
three  distinct  environments  while  under  a  constant  sinusoidal  type  loading.  Ihc  Wcihull 
function  is  used  to  determine  the  variation  in  the  fatigue-crack  propagation  data  as  a  function  of 
environment,  based  upon  the  four  parameters  of  the  curse  fit.  The  elfects  of  the  lack  of  near 
threshold  and  lug1'  crack  propagation  rate  data,  as  tn.ll.-u.-.t  Ky  •>  ..."  f;tn  cl 

the  three  data  sets,  will  he  discussed. 


DATA  ANALYSIS  TLCIINIQI  LS 

An  equation  in  the  form  of  the  Wcihull  Survivorship  f 'unction ( 1  —3 1  is  used  to  determine  the 
relationship  between  D.l/DN  vs  SK  data: 
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(i) 


This  represents  a  four  parameter  equation  in  which  (•-the  tlwcshold  pai.uuctcr;  r  -  the 
characteristic  value:  A  ~  the  shaping  parameter:  K ^  ”  the  value  of  $K  at  the  point  of  unstable 
fracture  (I)A/l)iV  -• 

Equation  (1)  may  he  re. u  ranged  as 
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(2) 


which  is  in  the  form  of  the  equation  of  a  straight  line 
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Arranging  the  equation  in  this  form  allows  a  linear  repression  analysis  to  be  performed  by 
incrementing  A'*  and  the  shaping  parameter  k.  The  sample  correlation  coefficient  (ft)  is  then 
determined  by 
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~  (t(/il.t:-  tiiv)?)-  (nXy'- tiTr’i)"-')' 

The  maximum  value  of  R( R  —  I)  will  provide  the  best  linear  fit  to  the  data  and  will  determine 
the  Kf.  and  k  values.  Using  the  slope  (hi)  and  the  intercept  (/>)  of  this  line,  the  values  of  c  and  v 
can  be  calculated. 

The  purpose  of  using  an  equation  of  the  form  of  the  four  parameter  Wcibull  function  is  that 
it  takes  into  account  both  asymptotes  of  the  sigmoidal  curve  shape  to  which  DA/I)iV  vs  A/s 
data  correspond.  It  allows  the  four  parameters  of  Use  function  to  be  determined  by  a  linear 
regression  analysis  rather  than  arbitrarily  selecting  one  or  more  of  these  values.  Also,  a  change 
in  any  one  of  the  four  parameters  of  the  function  will  .dfccl  the  remaining  three  parameters. 
This  will  affect  the  curve  shape  and  therefore,  a  life  prediction. 
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The  data  obtained  from  the  three  tests  are  plotted  in  f  igs.  I-)  along  with  the  appropriate 
Wcibull  curve.  Figure  -I  is  a  plot  utilizing  the  data  in  I  ig.  I  with  a  slight  modification.  The  values 
of  the  Wcibull  parameters  for  each  set  of  data  in  the  figures  are  given  in  Table  1. 

The  values  of  the  four  Wcibull  parameter'  for  the  lab  air  anil  the  salt  water  environments 
are  relatively  close  while  the  values  for  the  distilled  water  environment  vary  significantly  (Table 
1).  The  crack  propagation  in  this  specimen  (distilled  water)  became  unstable  shortly  after  the 
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last  Jala  point,  however,  this  is  not  reflected  in  the  curve  in  Tip.  2.  The  curve  indicates  that  the 
crack  propagation  continues  in  a  stable  manner  until  a  much  higher  value  of  Kh  is  reached.  This 
higher  Kh  value  is  due  to  the  lack  of  high  crack  propagation  rate  data  obtained  from  the 
distilled  water  specimen.  1  he  cttect  ot  tins  nigt.cr  re*  vatue  win  re  to  change  the  leiuainmg 
three  parameters  and  result  in  a  curve  that  docs  not  fit  the  physical  characteristics  of  the  crack 
propagation  in  the  specimen. 

The  threshold  of  the  curve  in  Fig.  2  is  shown  as  being  lower  than  the  thresholds  in  Figs.  I 
and  3.  I  his  i>  partly  due  to  the  c II vet  of  the  higher  Kh  value,  and  also  to  the  lack  of  near 
threshold  crack  propagation  data.  Some  it-ila  were  obtained  in  the  near  threshold  region  for  the 
lab  air  specimen  (lug.  I).  but  little  was  obtained  for  the  distilled  water  and  salt  water  specimens 
(Figs.  2  and  3).  The  '’physical"  fit  to  the  data  in  l  ig.  3  results  fiom  the  last  high  crack 
propagation  rale  data  point  and  Us  mlluenee  on  the  curve.  In  Fig.  I  where  some  near  threshold 
and  high  crack  propagation  rate  data  were  obtained,  the  curve  lits  the  physical  characteristics  of 
the  data.  The  curve  for  the  distilled  water  environment  would  be  similar  to  the  curves  for  the 
lab  air  and  the  salt  walet  environments,  had  more  data  been  obtained  in  both  the  near  threshold 
and  the  high  crack  propagation  rate  regions. 

Kvidcncc  of  this  fact  is  provided  m  big  4  where  the  last  data  point  from  the  lab  air  data  set 
(Fig.  I)  has  been  deleted  The  resulting  curve  is  similar  to  lag  2  with  the  K,.  value  increasing  to 
Il4ksi\/m.  lire  threshold  m  I  tg.  4  is  also  lower  than  the  threshold  in  big  I  because  of  the 
higher  Kh  value.  Although  a  large  amount  of  data  was  not  obtained  in  either  the  near  threshold 
or  the  high  crack  propagation  rate  regions  for  these  three  specimens,  the  importance  of  these 
data  are  emphasized  bv  a  coinp.uison  of  the  curve  bts.  A  curve  that  tils  the  physical 
characteristics  of  the  stack  propagation  in  the  specimen  will  icsiiIi  when  data  in  these  two 
regions  are  obtained. 


( ■ONCl.l' SltlNS 

The  import. nice  of  the  near  threshold  and  the  hn;h  clack  propagation  late  data  to  the  curve 
fit.  is  evidenced  by  a  comparison  of  the  values  of  the  Wcibull  parameters  for  the  distilled  water 
lest  to  the  l.d>  air  and  the  salt  w atcr  tests  I  lie  l.u  k  of  data  m  these  legions  can  icsull  in  a  curve 
that  docs  not  lit  the  phvsic.it  t  h  uai  IciisIk  s  of^jbf^  f  iiirue  slack  propagation  m  I  lie  specimen. 
Although  data  ill  lliv.c  regions  of  the  I)  t/lbV  vs  „\/s  curve  is  costlv  and  ditlicnll  to  obtain,  the 
primary  ctfoil  of  fatigue  clack  plop  igalion  testing  should  be  e oncculi ulcd  in  these  two  areas  if 
accurate  life  piedictions  are  to  result. 
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MODEL  FOR  PREDICTION  OF  FATIGUE  LIVES  PASCD  UPON 
A  PITTING  CORROSION  I'AflGUL  PROCESS. 

David  W.  Hocppncr,  Ph.D.,  P.E. 

Cockburn  Professor  of  Engineering  Design 
University  of  Toronto,  Toronto  Ontario. 

Abstract 

An  earlier  paper  on  fatigue  crack  initiation  discussed  the  manner  in 
which  fatigue  cracks  arc  initiated  by  slip,  twinning,  strain  incompatibility 
that  produces  localized  cleavage,  grain  boundary  decohesion,  constituent 
particle  fracture,  and  foreign  particle  fracture.  All  of  these  mechanisms 
of  localized  deformation  or  elastic  fracture  may  ultimately  lead  to  a  mode 
1  fatigue  crack  that  can  be  described  using  conventional  fracture  mechanics 
concepts,  as  long  as  linear  elastic  behavior  exists.  In  addition,  these 
mechanisms  of  initiation  of  node  l  fatigue  cracking  result  from  appl 'cation 
of  cyci ical ly  varying  external  driving  force  such  as  load  or  temperature. 

The  intrinsic  characteristics  of  the  material  govern  the  kinetics  of  the 

»  • 

initiation  and  propagation  processes.  , 

■  However,  there  are  many  situations  in  the  fatigue  of  materials  where 
Ini  t  iation  of  mode  I  cracking  results  from  the  combined  action  of  environment 
and  tnc  alternating  strains.  Sometimes  the  envi ronment/ deformat  ion  synergism 
results  in  pitting  corrosion  fatigue.  A  physical  model  of  the  pitting  corrosion 
fatigue  process  is  presented  involving  the  utilization  of  pitting  kinetics  and 
fatigue  crack  growth  kinetics.  It  is  postulated  that  pitting  theory  can  be 
used  to  predict  the  rate  of  growth  of  pits.  Utilizing  information  on  the 
fat iguc-crack  growth  threshold  for  the  mater i a  1 /env i ronment  combination  of 
interest  it  then  is  postulated  that  the  number  of  cycles  at  a  given  stress  to 
generate  a  pit  of  sufficient  size  to  become  a  mode  1  fatigue  crack  can  be 
estimated.  An  experimental  technique  to  observe  the  growth  of  pits  forming 

under  cyclic  loading  has  been  developed.  Verification  of  the  model  is  pre- 

/ 

sonled  and  some  shortcomings  and  needs  for  additional  research  arc  discussed. 

To  be  published  -ASTM  presented  £  I n te rna t iona I  Conference 
on  Mechanism  of  Fatigue,  May  1978,  K.C.,  Mo.,  ASTM. 
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INTRODUCTION 


2  . 


A  large  number  of  studies  have  been  conducted  and  reported  in  the 
literature  related  to  mcchanisnt(s)  of  fatigue  "initiation"  and/or  "propagation".  It 
is  now  clear  that  many  processes  of  physical  deformation  can  be  involved  in 
the  fatigue  behavior  of  materials.  This  paper  deals  with  one  such  process, 
viz.,  pitting  corrosion  fatigue.  A  conceptual  physical  model  to  explain  the 
process  of  this  insiduous  failure  mode  is  presented  in  terms  of  physical 
events  that  subsequently  can  be  mathematically  described  in  order  to  calculate 
the  time  (cycles)  to  fatigue  failure;  or  to  alternately  calculate  the  time 
(cycles)  to  a  defined  physical  event  in  the  development  of  fatigue  failure. 

The  model  for  the  pitting  corrosion  fatigue  model  is  verified  herein  for 
7075"T6  aluminum. 

The  utility  of  the  model  is  its  potential  usefullncss  in  estimating 

total  fatigue  life  for  including  pre-Mode  I  cracking  and  Mode  I  crack  growth. 

#  • 

The  basic  features  of  the  model  are  as  follows: 

1)  Use  pitting  rate  theory  to  predict  the  number  of  cycles  required 

-  - - -  _  -  t - - .._i~  r i  - 

to  develop  at  the  pit . 

2)  The  size  of  pit,  at  a  given  stress  condition,  at  which  a  mode  I 
crack  will  form  is  determined  from  the  Mode  i  fatigue  crack 
growth  threshold. 

3)  The  Mode  I  fa t i gue -crack -growth  threshold  is  determined  from 
numerically  fitting  fatigue -crack-growth  data  for  specific 
boundary  conditions. 

4)  Determine  the  number  of  cycles  to  propagate  from  a  Mode  I  crack 
to  fracture  using  fatigue-crack  growth  prediction  methodology. 

5)  Sum  the  cycles  to  failure  for  the  total  fatigue  life. 

Aside  from  using  this  model  for  fatigue  life  prediction  it  also  allows  a 
means  whereby  quantitative  comparisons  of  (Materials  operating  under  corrosion 
fatigue  can  be  made  based  upon  the  quantitative  assessment  of  differences 
In  either  pitting  behavior  or  fatigue  crack  growth  behavior  or  both. 

Thus,  quantitative  studies  of  pitting  corrosion  fatigue  mechanisms  will 
be  possible. 

The  following  sections  present  tin:  model  and  an  experimental  procedure 
list’d  to  verify  It  Is  also  elucidated,  further  studies  are  continuing  and 


more  results  on  the  quant  i  tat  i  ve  verification  of  the  model  will  be  reported 
at  a  later  date. 

DACKGROUNO: 

During  the  past  thirty  years  the  development  of  linear  elastic  fracture 
mechanics  (LEFM)  has  been  very  rapid.  The  application  of  LEFM,  and  other  areas 
of  fracture  mechanics  to  fatigue  offers  the  attractive  feature  of  dealing 
quantitatively  with  the  "cumulative  damage"  (l.c.  crack  extension)  during  the 
fatigue  process.  Principal  quantities  of  interest  in  applying  fracture 
mechanics  to  fatigue  are  the  initial  flaw  size,  applied  load,  location  of  the 
flaw  with  respect  to  the  stress  field,  environment,  load  spectrum  and  frequency, ar 
the  properties  of  the  material  of  interest.  In  this  case,  the  properties  of 
interest  are  the  fatigue  crack  growth  threshold  (K^  or  Kq)  ,  the  crack  in¬ 
stability  parameter,  K^^.and  the  fatigue  crack  growth  curve  for  the  material (s) 
of  interest  for  the  conditions  of  interest.  The  apparent  relative  simplicity 
of  fracture  mechanics  as  a  useful  tool  for  dealing  with  the  physical  aspects 
of  fatigue  has,  however,  a  concomitant  difficulty.  This  difficulty  is  associated 
with  the  initial  flaw. 

Many  i nves t iga tors  have  classified  the  fatigue  process  as  being  comprised 
of  three  stages,  viz.  initiation,  propagation,  and  final  fracture.  On  numerous 
occasions,  an  attempt  has  been  made  to  ascertain  the  quantitative  meaning  of 
researchers  when  they  refer  to  fatigue  crack  initiation  (1-5)*.  Some  papers 
have  been  published  related  to  cither  the  concept  of  fatigue  crack  initiation 
or  a  model  for  fatigue  crack  initiation.  Very  few  authors,  if  any,  have 
attempted  to  characterize  "fatigue  crack  initiation"  in  terms  of  a  flaw  size 
for  a  given  physical  process.  It  has  frequently  been  discussed  in  the  literature 
that  subsequent  to  the  attainment  of  a  given  flaw  size  (fatigue  crack  initiation) 
one  need  simply  apply  fatigue  crack  growth  concepts  based  on  LEFM  to  "predict  life" 

It  is  now  generally  recognized  that  fatigue  of  a  member  (specimen  or 
Structure)  occurs  as  the  result  of  cither  microplastic  flow  or  constraint  to 
flow  or  both.  The  physical  flow  or  fracture  processes  that  may  lead  to  the 
development  of  a  Mode  I  (For sy th-Stage  II  -  see  Ref.  6)  fatigue  crack  arc  slip, 
twinning,  cleavage,  grain  boundary  flow  or  fracture,  phase  boundary  flow  or 
fracture,  and  particle  boundary  flow  or  fracture  (*1,6).  Aside  from  time 

^Numbers  In  parentheses  refer  to  the  references. 


dependent  synergisms  that,  occur  with  cyclic  loading,  one  of 

which  is  the  subject  of  this  paper,  these  physical  deformation  processes 
occur  at  either  an  inherent  continuum  discontinuity  (notch,  stratch ,  blowhole, 
pore,  etc.)  to  create  fatigue  crack  extension  or  arc  the  processes  that  may 
lead  to  the  development  of  a  Mode  I  crack  to  which  the  principles  of  LEFM  or 
generalized  fracture  mechanics  may  be  applied.  Thus,  it  is  generally  re¬ 
cognized  that  even  though  a  continuum  flav;  may  not  be  favourably  located 
and  of  sufficient  size  for  fatigue  crack  extension  from  the  flaw,  a  fatigue 
crack  can  initiate  at  another  point  from  pure  deformation  or  localized 
fracture  from  point  or  line  defect  motion  or  interaction  (7).  Since  fatigue 
cracks  may  therefore  be  developed  without  the  presence  of  a  continuum  flaw, 
the  many  methods  of  potential  nucleation  must  be  dealt  with  in  order  to 
formulate  fatigue  resistant  materials  and  st ructura 1 /env i ronmenta 1  systems. 

Many  synergisms  for  accelerating,  or  generating,  the  fatigue  process 
are  possible  (8,9).  In  this  brief  paper  only  one  will  be  dealt  with  as  it 
relates  to  fatigue.  Pitting  corrosion  fatigue  is  one  of  the  most  insidious 
of  the  synergisms  that  can  occur  (l,  5~7) .  However,  very  little  is  understood 
related  to  the  kinetics  of  corrosion  fatigue.  More  understanding  is  required 
to  develop  materials,  formulate  prospective  and  retrospective  corrosion  fatigue 
resistant  design  methodol ogy ,  and  understand  the  mechanisms  of  fatigue  in  a 
universal  sense. 

There  are,  of  course,  many  types  of  corrosion  that  can  interact  with 
cyclic  loading  to  produce  the  corrosion  fatigue  synergism.  One  of  the  corrosion 
mechanisms  is  pitting  corrosion  ( 1 ,10) .  There  is  very  little  information  in 
the  literature  on  pitting  corrosion  fatigue.  In  a  recent  ASTM  Symposium  on 
Corrosion  fatigue  Technology  (ASTM-STP  6^2)  two  papers  were  presented  that  con¬ 
sidered  the  development  of  corrosion  fatigue  from  a  cor ros ion/mcchan ica 1  load 
synergism.  A  paper  by  Von  dcrllorst  (ll)  dealt  with  corrosion  fatigue  initiated 
by  stress  corrosion  cracking  and  thus  is  not  directly  relevant  to  this  work 
except  that  conceptually  it  has  similarities.  The  other  paper  by  Kitagawa, 
ct  al .  ,  dealt  more  specifically  with  the  nucleation  of  fatigue  cracks  at 
corrosion  fatigue  induced  pits  ( 1 2 ) .  They  showed  that  probabilistic  concepts 
could  be  employed  to  predict  tin-  corrosion  fatigue,  process.  This  later  re¬ 
ference  Is  the  only  one  in  the  literature  of  corrosion  fatigue  that  relates 
to  formulating  a  prediction  of  corrosion  fatigue  life  based  upon  the  observation 
of  physical  crack  sl/o.  As  with  ibis  paper,  Kitagawa,  ct  al.,  had  to  employ 
the  rationale  of  fracture  mechanics  in  formulating  the  analysis  methodology. 


This  effort  was  indeed  noteworthy,  since  fol lowing  the  dictates  of  the  physical 
fatigue  process  these  authors  attempted  to  formulate  a  method  of  prediction  of 
corrosion  fatigue  lives  by  coupling  reliability  concepts  with  fracture 
mechanics  to  yield  a  graphical  display.  This  paper  provides  a  slightly 
different  approach  to  the  problem. 

This  paper,  then  will  review  a  conceptual  model  of  corrosion  fatigue 
and  apply  the  knowledge  of  pitting  corrosion,  to  predict  when  a  crack  depth,  aQ, 
will  be  achieved  that  will  yield  a  value  of  stress  intensity  such  that  the 
threshold  for  fatigue  crack  growth  (K^)  shall  be  achieved.  Subsequent  to 
the  presentation  of  the  model,  results  of  experiments  that  have  been  completed 
will  be  presented.  Concepts  similar  to  these  have  been  developed  related 
to  fretting  fatigue  (12-14)  and  pure  fatigue  (4)  and  this  paper  is  intended 
to,  illustrate  the  un i versa  1 i ty  of  the  concept. 

REVIEV/  OF  MODEL: 

»  • 

In  Reference  (l)  a  conceptual  model  for  the  corrosion  fatigue  process 
was  presented  and  the  essential  elements  of  the  process  are  as  follows: 

1.  Corrosive  attack  under  cvclic  loadina 

2.  Generation  of  Mode  I  fatigue  crack  of  observable  size. 

3.  Environmentally  enhanced  Mode  I  fatigue  crack  growth. 

(The  opposite  is  possible). 

4.  Stress  intensity  dominated  fatigue  crack  growth  (Mode  I,II,  or  III) 
.  5.  Unstable  fracture. 

Pitting  corrosion  fatigue  was  initially  selected  for  verification  of 
the  model  of  corrosion  fatigue  since  it  physically  has  all  five  components 
above.  Component  one  can  be  the  initiation  of  pitting  corrosion  due  to  the 
macerii,  !/cnvi  ronmcnt/cycl  ic  loading  combination.  Thus,  by  applying  the 
knowledge  of  pitting  theory  it  should  be  possible  to  ascertain  the  amount 
of  t  ime  (no.  of  cycles)  to  propagate  a  corrosion  fatigue  pit  to  become  a  Mode 
I  crack  for  the  crack  lypc/loading  combination.  In  order  to  accomplish  this 
prediction,  the  fatigue  crack  growth  threshold  of  a  Mode  I  fatigue  crack  in 
the  motor ial  must  be  known .  Thus,  the  cycles  to  propagate  a  pit  to  a  dimension 
that  Is  adequate  to  initiate  a  Mode  I  fatigue  cvack  at  a  pit  can  be  determined. 
In  a  practical  case  tbc  Mode  I  crack  then  can  grow  to  become  on  observable 
( inspec l al>  I o )  crack.  It  Is  a  known  fact  that  fatigue  cracks  usually  initiate 
well  before  they  are  "observable".  Subsequent  1 / ,  if  the  load  is  known  It  is 
possible  to  predict  the  fatigue-crack  growth  life  if  a  prediction  methodology 


exists  and  the  crack  growth  parameters  arc  known.  Fortunately,  these  methods 
are  well  established  (2).  The  exact  fitting  of  the  fatigue  crack  growth 
data  remains  a  subject  of  study.  However,  it  appears  that  utilization  of  the 
Vcibull  Survivorship  function  (15~l8)  is  an  effective  way  to  describe  fatigue 
data  since  the  data  appear  to  be  distributed  on  a  Wcibull  basis  (15~ 19) - 
Point  above  is  attained  when  the  fracture  toughness,  Kjc ,  or  other  suitable 
measure  of  crack  instability  is  attained  (da/dN  approaches  infinity  in  the 
limit).  Thus,  initiation  of  final  fracture  (crack  instability)  occurs  when 
the  crack  reaches  sufficient  size  at  a  given  load  level. 

The  fitting  power  of  Wcibull 's  relation  lies  in  part  in  the  fact  that' 
It  fits  the  physical  processes  and  relates  to  the  physical  boundary  conditions. 
A  power  of  the  Weibull  function  also  lies  in  its  discriminating  power  of  an 
effect  of  a  variable  on  fatigue  life.  A  brief  review  of  fat i gue -crack  growth 
curve  fitting  is  given  since  it  is  an  essential  part  of  the  model. 


FATIGUE  CRACK  GROWTH  CURVE  FITTING  RELATIONS; 

It  is  usual  to  plot  fatigue-crack  propagation  test  results  in  the 
form  Da/DN  =  f  (AK)  (1) 

where  Da/Oh'  =  crack  propagation  rate  and  AK  =  stress  intensity  range. 

A  suitable  curve  fitting  relation  lor  this  type  application  is  one  with  a 
mathematical  fit  to  the  total  physical  behavior  of  fatigue-crack  growth. 

This  relation  must  have  the  following  properties  (12,15): 

(1)  The  relation  should  lend  itself  to  distinction 
between  slow  and  fast  crack  growth  rate  segments. 

(2)  As  K  approaches  an  upper  limit,  K  ^  ,  the  crack  growth 
rate  should  increase  indefinitely. 
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(3)  As  K  approaches  a  lower  threshold  limit,  K  ^  the  crack 
growth  rale  should  diminish  to  zero 
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A  new  class  of  exponential  curve  fitting  relations  with  mathematical 
form  in  the  fatigue  data  reduction  Wei  bull  distribution  function  have  been 
explored  recently. 

Three  members  of  the  class  arc: 


Rclat ions 


A)  l-F  =  Exp 
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or  H  =  e  +  (v  -  c)|(-  logo(l  -  F))|1/k; 
B)  l-F  =  Exp 
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C)  l-F  =  Exp 
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or  H  =  -Exp(l)  +  ExpExp  (e  +  (v  -  e)(-  log  (1  -  F)) 


(4) 


(5) 


(6) 


These  relations  meet  the  three  criteria  of  acceptabi 1 i ty  previously  stated. 

The  fitting  routine  contains  logic  for  estimating  the  curve  fitting  parameters 
k,  e,  and  v  by  a  combination  of  linear  regression  and  correlation  coefficient 
optimization.  In  practice,  Da/ ON  and  AK  values  of  a  data  set  are  stored  as  one 
dimensional  arrays  OaON  and  dK.  The  regression  analysis  is  performed  on 
variables  X  arid  Y,  in  terms  of  the  equation  of  regression 


(-  logc 

which  has  alternative  form 

Y  -  Exp 


Y)W  =  bX  +  a 


(7) 

(8) 


where 


and 


k  *»  1/w, 
c  *>  -n/b, 

V  «  (f  +  bc)/b 


The  following  oper.it  I  pus  arc  performed,  for  example,  when  applying 
candidate  Type- 0  curve  fitting: 


00  I  »  I  TO  N 

X  "  log  (DoDfJ(i)  +  1) 
e 

Y  -  (-  loge( 1  -  dK(i)/Kb))w 


Parameter  Kb  is  the  stress  intensity  range  where  Da/DN  i  s  ,indef  in  i  te  1  y 
large..  Estimation  of  Kb  requires  exercise  of  judgement  in  addition  to 
interactive  computing  effort.  At  the  outset  of  data  set  analysis,  all 
three  types  of  exDorw.nr  is  *  '••••-ye  fitting  r-leL iuns  are  tested,  with 
F  =  AK/K^  and  H  =  Da/DN  for  each  type.  Measures  of  goodness  of  fit  are 
used  in  deciding  which,  if  any,  type  is  suitable.  For  all  three  types, 
the  particular  stress  intensity  range  where  Da/DN  =  0  is  called  the  thres¬ 
hold  stress  intensity,  Ktb,  where 

('  -  E*p  (1° 

Physical  significance  is  attached  to  threshold  K  ^  for  cases  where  thres¬ 
hold  parameter  c  <  0. 

a.  For  c  =  0,  K^h  *  0 

b.  For  c  <  0,  Kth  >  0 

c.  For  c  >  0,  the  suggestion  is  that  crack  growth 

begins  at  some  Da/DN  >  0  for  arbitrarily  small 

LK  >  0. 


- — — -  y. 

Methods  of  determining  goodness  of  fit  ore  being  developed  (19) 
and  ore  discussed  to  some  extent  in  reference  (16-18).  In  addition, 
procedures  for  distinguishing  between  fost  ond  slow  crock  growth  arc 
available.  Neither  of  these  procedures  wi  1 1  be  discussed  here  since 
they  arc  rather  lengthy  numerical  statements. 

In  noting  equation  (9)  it  certainly  is  somewhat  more  complex  than 
the  typical  Paris  relation  da/dN  =  D(AK)n  utilized  in  a  great  deal  of  crack 
growth  correlation.  However,  since  it  is  desirable  to  formulate  an  accurate 
fatigue  life  prediction  methodology  herein,  it  is  worth  noting  that  equation 
(9)  fits  the  physical  data  over  the  entire  range  of  fatigue-crack  growth 
whereas  equation  (l)  does  not.  Thus,  it  would  be  difficult,  if  not  im¬ 
possible,  to  apply  the  Paris  relation  to  pitting  corrosion  fatigue  situations 
since  a  change  in  C  or  n  v/ould  not  necessarily  yield  a  change  in  Kc^  or 

Thus,  a  life  calculation  could  be  in  serious  error.  Thus,  if 

procedures  for  optimizing  the  fit  of  equation  (9)  were  available,  and  if 
a  generalized  integration  routine  can  be  established,  a,  physically  rational 
and  reliable  fatigue  life  prediction  methodology  would  be  available  for 
pitting  corrosion  fatigue.  This  is  the  subject  of  other  efforts  but  the 
Wnibul!  frrhn  i  nun  h.-ic  developed  adequate!  y  t  a  tact  It  or.  the  pittlr.^ 

corrosion  fatigue  model. 

The  four  Wcibull  parameters  of  interest  here  are; 

-  the  crack  instability  parameter, 
e  -  threshold  parameter, 
v  -  characteristic  value, 

K  -  shape  parameter. 

Equation  10  gives  the  threshold  value  of  stress  intensity  required 
to  establish  when  a  pit  becomes  of  sufficient  physical  size  to  become  a 
Mode  1  crack,  for  a  defined  load/cnvi ronment/f rcqucncy  to  propagate  in 
the  regime  where  equation  (9)  can  be  applied. 

In  order  to  apply  the  model  an  analytical  and  experimental  method 
must  be  available  to  establish  the  size  of  pit  ond  time  (or  cycles)  to 
develop  a  pit  of  given  size.  This  is  available  from  pitting  theory  as 
It  now  stands  (15,20).  However,  it  is  noted  after  a  review  of  pitting 
literature,  that  it  has  not  been  established  if  dynamic  loading  accelerates 
pitting  or  not.  This  was  not  a  subject  of  tins  study  but  needs  to  be 
'established  In  order  to  fully  understand  the  mechanisms  of  corrosion 
pilling  fatigue.  Current  research  If.  being  directed  at  this  crucial 
question.  In  addition,  the  specific  median  i  r.m(s)  of  corrosion  pilling 


are  not  dealt  with  herein.  This  is  not  to  say  they  arc  not  important  but 
the  postulated  model  docs  not  require  knowledge  of  t he  mechanism,  only 
knowledge  of  the  pitting  rate  and  pitting  geometry. 

PITTIHC: 

Corrosion  pitting  has  been  found  to  be  related  to  area  of  exposure 
time  of  exposure  and  the  mater  ial/e.nvi  ronment  under  consideration.  At  this 
time  the  equations  that  are  used  to  determine  pit  depth  are  those  due  to 
Scott  (21),  et  a!.,  and  Godard  (22).  They  are,  respectively, 

d  *»  bA2  (l  1 ) 

and 

d  «  C(t) 1/3  (12) 

where 

d  *=  maximum  pit  depth 
A  =  area  of  exposure 

t  *=  time  ' 

0 

C  53  a  parameter  related  to  the  material/envi ronment  combination 

Although  extreme  value  statistics  also  can  be  used  to  represent  pitting 
data  (!&)  it  will  not  be  used  in  this  paper.  Conceptually,  it  is  now 
clear  that  to  determine  the  pit  depth  as  a  function  of  time  it  is  necessary 
to  conduct  experiments  to  get  the  value  of  C  in  equation  (12)  above.  This 
procedure  was  employed  to  obtain  the  pit  depth  at  which,  for  a  defined 
load/cnvi ronment  combination,  the  fatigue-crack  growth  threshold  will  be 
atta  i  ned . 

It  must  be  emphasized  that  very  limited  information  on  pitting 
rates  is  available.  The  author  has  numerous  studies  of  this  nature  under¬ 
way  at  present  and  this  will  allow  confirmation  of  equation  (12)  or  further 
development  of  the  model. 
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Summary  of  Model 

for  the  Prediction  of  Fatigue  Life  Dosed 
Upon  Pitting  Corrosion 
Fatigue  Mechanism 


The  model  can  now  be  summarized  as  follows: 

1.  Calculate  the  time  (cycles)  for  a  pit  to  develop  to  sufficient  depth, 
o^,  to  attain  the  fat  igue-crack  growth  threshold  at  the  stress  level 
of  interest.  The  environment  and  alloy  must  be  known.  Pitting  data 
must  be  avilablc.  A  flaw  geometry  must  be  assumed.  If  a  surface 

f  1  aw*  is  assumed,  an  a/2c  ratio  must  be  assumed  for  the  pit  growth. 

la)  =  1*1  S/7l^n 

Q  *=  f 

lb)  AKth  (fatigue  crack  growth  threshold  for  Mode  I 

crack)  must  be  known  from  experiments  for  the 

envi ronment/mater ia 1 /frequency/spect rum/wave  form 
•  •  • 

UUUiU  IIICU  lU'li. 

2.  Calculate  the  cycles  (time)  required  to  grow  the  Mode  I  crack  that 
initiated  from  the  pit  to  final  fracture.  Fatigue  crcck-growth  data 
must  be  available  for  the  alloy  and  environment  determined  at  the 
proper  test  condition.  Fracture  toughness  data  should  be  available 

i f  appl icabl c . 

It  should  be  noted  that  for  those  conditions  where  LEFM 
docs  not  apply,  plane  stress  or  "large"  strain,  some  modification  of 
the  model  will  be  necessary,  this  effort  also  is  currently  underway. 

Thus,  this  model  must  be  verified  and  tested.  In  order 
to  test  the  model  based  upon  the  pitting/corrosion  fatigue  mechanism  ex¬ 
periments  on  pitting  corrosion  fatigue  and  fatigue-crack  growth  must  be 
conducted.  The  verification  experiments  arc  reported  in  the  remainder 
of  the  paper . 


A  surface  flaw  is  assumed  as  an  idealization  of  the  pitting  process. 
.  It  Is  recognized  that  other  pit  geometries  can  occur. 


(a/2C)  ,  Sty  ' 

.  4 
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It  Is  worth  noting  that  several  Initiation  and  propagation  events 
are  Involved  in  this  mechanism  of  fatigue  failure.  They  arc: 

1)  initiation  of  corrosion  pits, 

Ip)  Propagation  of  pits 

2)  Initiation  of  a  Mode  I  crack  at  a  corrosion  pit  site^ 

2p)  Propagot ion  of  the  Mode  I  crack 

3)  Initiation  of  fracture  instability, 

3p)  Unstable  crack  propagot ion 

Thus,  to  attempt  to  simply  characterize  the  corrosion  fatigue 
mechanism  by  terms  such  as  initiation  and  propagation  is  a  conceptual  mis¬ 
understanding  of  the  physical  process.  With  this  mechanism  of  fatigue 
it  is  possible  to  mathematically  determine,  for  a  given  material  in  a 
given  loading  condition,  the  point  at  which  processes  2  and  3  occur. 
However,  in  a  relativistic  sense,  it  does  not  today  appear  possible  to 
be  able  to  mathematically  determine  the  precise  nucleus  size  which  lea^s 
to  the  initiation  of  corrosion  pits.  However,  we  can  determine,  on  a 
statistical  basis,  the  factors  that  control  the  growth  of  pits. 
EXPERIMENTAL  VERIFICATION  OF  THE  MODEL: 

In  order  to  verify  the  proposed  model  it  was  decided  to  use 
7075-T6  aluminum  alloy  tested  in  air  and  salt  water.  This  material  was 
selected  since  LEEM  can  be  used  to  describe  its  behavior  and  also  because 
it  is  known  to  undergo  pitting  in  salt  water.  Although  some  steels  yield 
greater  pitting  rates  in  some  environments,  aluminum  was  selected  for  the 
Initial  verification  studies  in  order  to  avoid  oxidation  contamination 
which  would  make  production  of  the  movies  difficult.  The  unnotchcd 
specimen  used  for  the  studies  is  shown  in  Figure  1. 

The  experimental  apparatus  used  for  t lie  observation  of  crack 
development  Is  shown  in  Figure  2  with  the  specimen  position  Indicated 
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In  the  upper  left  hand  portion  of  the  figure.  A  viewing  eyepiece  was 
positioned  to  allow  the  observer  to  view  the  specimen  and  select  the 
for  detailed  studies  with  recording  on  the  film  as  shown.  The  movie 
system  was  quite  elaborate  and  my  colleague  Vance  Danford  and  I  named 
the  overall  observation  scheme  A  Sync-Strobe  System  for  In-Si tu  Study 
of  Fatigue  some  years  ago.  The  system  was  designed  to  allow  synchroniza¬ 
tion  of  the  movies  with  the  fatigue  cycle  or  to  allow  the  synchronization 
to  be  slipped  over  numerous  cycles  if  desired.  In  this  manner  the  motion 
can  be  stopped  for  easier  viewing. 

The  unnotched  fatigue  tests  were  conducted  under  constant  de¬ 
flection  axial  loading  wi th  a  sine  wave  at  a  frequency  of  30  Hz.  An  R  ratio 
(R  -  Smin/Smax)  of  +0.1  was  utilized  for  the  initial  verification  studies. 

A  small  transparent  container  was  constructed  to  contain  the  environment 
around  the  central  section  of  the  unnotched  specimen.  The  environment 
always  was  introduced  within  minutes  of  starting  the  test.  Tests  were 

m 

conducted  on  a  continuous  basis  from  start  to  fracture..  Fatigue-crack 
growth  data  for  these  verification  studies  were  taken  from  a  previous 
effort  (23)  and  other  unpublished  work  of  the  author. 

The  results  on  the  unnotchcd  specimens  tested  in  laboratory  air, 
distilled  water,  and  3.5%  NaCl  are  shown  in  Figure  3.  As  expected,  the 
salt  water  reduces  the  fatigue  life  a  considerable  amount.  The  initiation 
points  indicated  on  Figure  3  are  for  development  of  a  0.127mm  crack.  The 
lines  drawn  through  the  data  arc  in  no  way  numerical  fits  of  the  data  and 
should  not  be  construed  as  such.  Figures  *4  and  5  present  the  fatigue- 
crack  growth  curves  utilized  for  the  model  verification  for  the  air  and 
salt  water  fatigue  crack  growth  tests.  Tests  were  conducted  on  15.2^cm 
wide  center  cracked  panels  tested  in  closed  loop  load  control  with  a  sine 
wave  at  10  Hz.  It  was  determined  from  previous  work  (23)  that  no  effect 

of  frequency  would  occur  between  10  Hz  and  30  Hz.  The  V/cibull  parameters 

are  shown  in  the  upper  left  portion  of  the  figures. 

Figures  6  and  7  present  several  photographs  that  were  selected 
for  reproduction  from  the  movies  that  were  made  during  the  tests.  The 
specimen  that  was  tested  at  1 0 3 •  Hi' a  (Up  -  357, BlO  cycles)  yielded  mo-.t  of 

the  photographs  shown.  Figure  Co  is  a  typical  pit  from  the  specimen 
tested  at  275- 8MPo  (Nf  -  21, 8??  cycles). from  pitting  data  on  7075  In  salt 

water  a  prediction  of  time  to  develop  a  Mode  I  crack  will  he  made  for  the 

specimen  tested  at  103’.  Mll’a.  f  j  gores  C>b  through  /d  will  be  used  In  conjunction 


with  the  prediction.  From  Figure  h  the  Wcibuli  parameters  are  used  to  calculate 

fi 

the  threshold  from  equation  10.  Using  the  values  indicated  in  the  figure,  a 
threshold  value  of  57*7^  MPai/cm  results.  For  an  edge  crack,  through  the 
edge  in  this  ease,  a  pit  depth  of 

-  -if”-7'''’  -  i  V-  0.08cm  results. 


o  i/  iZiZiiV' 

* th  vM.lS  J 


1. 1  x  103. 


The  actual  pit  (through  edge  crack)  that  resulted  in  size  sufficient  to 
generate  a  Mode  I  crack  is  .00635  cm.  This  is  reasonable  agreement.  Further 
refinement  can  occur  dependent  on  the  number  of  specimens  used  to  obtain  the 
Weibull  parameters  and  care  with  which  the  pit  depth  is  determined. 

Use  of  equation  12  in  conjunction  with  the  C  value  and  time  yield 
a  number  of  cycles  to  a  crack  depth  of: 
d  =  C(t)1/3 


substitute  the  actual  ath  for  d 


.  t  =  3.,  =  0. 

-r  F 

»  4 


00635cm _ 

000305  cm./ sec ^ 


-  9050  seconds. 


in  3050  Sec  at  30  Ha  approximately  300,000  cycles  was  required  to 
initiate  the  Mode  I  crack..  It  is  noted  from  Figure  6d  and  7a  that  the  Mode  I 
crack  developed  somewhere  between  20^,000  cycles.  Figure  6d  and  32*4,^12  cycles. 
A  value  of  300,000  cycles  appears  reasonable  when  an  extrapolation  on  the  one- 
third  power  of  time  is  taken.  Unfortunately,  the  exact  t(N)  at  initiation  of 
the  Mode  I  crack  was  not  obtained.  None t he  1  ess  ,  very  good  agreement  is 
obtained  and  the  conceptual  model  has  been  verified  for  this  material  and 
envi ronment . 

SUMMARY  AMD  CONCLU SI  OHS: . 

It  is  clear  from  the  photos  shown  in  Figures  6  and  7  that  corrosion 
pits  produce  a  local  discontinuity  that  acts  as  the  site  of  initiation  of  a  • 
Mode  I  fatigue  crack.  The  fatigue  process,  represented  as  the  total  number 
of  cycles,  Is  comprised  of  the  cycles  needed  to  produce  the  pit  and  the 
cycles  needed  to  propagate  the  Mode  I  crack  that  initiates  at  the  pit  to 
failure.  Tills  Is  depleted  in  the  simple  a-M  plot  shown  in  Figure  8  below 
and  In  Figure  9,  a  represen tat  Ion  of  the  Stress-Cycles  to  failure  curve. 


A  The  computer  programs  currently  are  written  for  dealing  with  data  acquired  in 
English  units;  thus,  the  parameters  listed  in  fig.  and  5  arc  for  Cngllsh 
units  except  for  Kg  and  . 


The  four  parameter  V/cibull  fits  to  the  fatigue  crack  growth  data 
that  resulted  for  the  7075"T6  tested  in  salt  water  yield  the  fatigue-crack 
growth  threshold,  K  .  This  value  is  then  used  to  determine  the  size  pit 
that  will  produce  a  stress  intensity  of  sufficient  magnitude  to  initiate 
a  Mode  I  fatigue  crack.  The  verification  of  the  model  worked  well  for 
the  tests  that  were  conducted.  Further  refinements  appear  probable  as 
discussed  in  the  rcconnicndat ions  section. 

Figure  10  shows  transmission  electron  fractographs  taken  from 
the  vicinity  of  the  origin  for  the  aif  tests  (Figure  10A  and  1 0 B )  and  the 
salt  water  tests  (Figure  10C  and  70D).  A  pronounced  difference  in  the 
fracture  appearance  is  noted  in  the  origin  areas.  The  air  results  show 
well  defined  fatigue  striations  whereas  the  salt  water  results  show  the 
more  typical  "brittle  striations"  (6).  Additional  effort  will  be  needed 
to  clarify  the  detailed  deformation  mechanisms  that  produce  the  difference 
in  fracture  surface  detail. 

It  is  concluded  that: 

1)  Corrosion  pits  act  as  initiation  sites  -for  Mode  I 
fatigue  cracks  in  7075"T6  cyclically  loaded  in  salt 
water. 

2)  Pitting  theory  can  be  used  to  predict  the  rate  of 
growth  of  pits  and  their  size  at  various  times. 

3)  The  four-parameter  Weibull  fit  to  fatigue  crack 
grow tli  data  can  be  used  to  obtain  the  fatigue-crack 
growth  threshold. 

4)  Using  the  combined  knowledge  on  pitting  rates  and 
the  fat i guc-crack  growth  threshold  it  is  possible 
to  predict  either  the  size  pit  that  will  produce  a 
Mode  I  fatigue  crack  or  the  cycles  to  do  so  or  both. 

5)  The  total  number  of  cycles  to  failure  can  be  pre¬ 
dicted  from  a  combined  knowledge  of  the  kinetics  of 
pitting  corrosion  and  fal i guc-crack  growth. 

6)  Continued  emphasis  must  be  placed  on  the  kinetics  of 
oil  potential  fatigue  mechanisms  in  order  to  formulate 
fatigue  resistant  materials  and  fatigue  design  concepts. 

7)  The  concepts  elucidated  herein  can  be  applied  in 
failure  .analysis  as  we  1  1  as  to  understand  the  mechanism 
of  the  fatigue  process. 


RECOMMCMDAT IONS : 


lb. 


From  t He  success  of  this  mudcl  and  the  experimental  techniques 
developed  to  verify  it  is  believed  that  other  forms  of  the  corrosion 
fatigue  process  could  be  modelled  and  studied  in  the  same  manner. 

Particular  success  should  be  attained  with  stress  corrosion  induced 
cracks,  erosion,  cavitation,  crevice  corrosion.  As  indicated  in  the 
text,  very  good  success  has  already  been  attained  in  modelling  fretting 
initiated  fatigue.  Much  more  data  is  needed  however. 

Several  areas  of  corrosion  pitting  fatigue  need  increased 
attention  to  improve  our  understanding  of  this  mechanism.  First,  we 
need  to  ascertain  whether  dynamic  loading  changes  the  kinetics  of  pitting. 

I  have  several  students  working  on  this  now  but  this  is  a  critical  question.  A 
great  deal  of  additional  statistically  based  pitting  data  also  are  needed. 

A  great  deal  of  attention  must  be  dedicated  to  determining  statistical 
distributions  of  fat igue-crack  growth  data  in  order  to  Improve  the 
predictions  made  with  the  model. 

# 

Finally,  very  little  is  known  about  the  fundamental  mechanism 
of  pitting  corrosion  (under  either  static  or  dynamic  loading)  and  some 
effort  m  nndrrst.nnd  ins  this  mechanism  as  it  relates 

to  the  fatigue  mechanism  in  general. 
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FIGURE  CAPTIOUS: 


Figure  Ho. 

1.  Fatigue  Specimen  Used  for  Pitting  Studies. 

2.  Instrumentation  for  Observation  of  Fatigue  Specimens  During  Cyclic 
Loading.  Specimen  is  located  at  upper  left. 

3.  Fatigue  Results  for  Unnotchcd  Fatigue  Specimens  Tested  in  Air, 

Distilled  Wa ter,  and  Salt  Water.  "Initiation"  is  to  a  crack 
0.127mm  long. 

4.  Typical  Fit  to  Fatigue  Crack  Growth  Data  for  7075~T6  15.24cm 
wide  Panel  Fatigue  Tested  in  Air. 

5.  Typical  Fit  to  Fatigue  Crack  Growth  Data  for  7075“T6  15.24cm 

wide  Panel  Fatigue  Tested  in  3-5<I  NaCI  Solution. 

6.  Photomicrographs  Taken  from  Movies  for  Specimens  Tested  at  (A)~275.8MPa 
and  (B)  ,  (C)  ,  (D)  -  103.  4MPa 


A.  Typical  pit  with  Mode  1  fatigue  crack. 

B.  Edge  of  specimen  showing  area  where  corrosion  pit 
initiated  that  developed  a  Mode  1  crack. 


C.  Pit  area  after  146.000 

D.  Pit  area  after  204,000 

7.  Photomicrograph  taken  from  Movie 

A.  Pit  area  after  321,292 

B.  Pit  area  after  330,592 

C.  Pit  area  after  346,700 

D.  Final  fracture  354,700 
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8.  A  Conceptual  Crack  Length  (a)  versus  Cycles  (N)  Plot  for  the 
Corrosion  Pitting  Fatigue  Model. 


9.  Various  Critical  Event  Curves  on  the  Stress-Cycles  to  Event  Plot. 

10.  Flection  Tract ogruphs  in  Origin  Areas  for  Fatigue  Test  In  Air  (A) , 
(B)  ,  Fatigue  Test  in  Salt  l/alcr  (C)  ,  (0). 
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ABSTRACT 

The  presence  of  a  corrosive  environment  may  have  an  effect  upon 
the  mechanical  properties  of  a  material.  In  addition,  the  corrosive 
properties  of  a  material  may  be  affected  by  mechanical  loads.  The 
following  effort  deals  with  several  aspects  of  corrosion  pit  growth 
and  fatigue-crack  initiation  in  2124-T851  Aluminum.  Pitting  rates 
under  cyclic  loading  were  to  be  determined  and  the  pit  dimensions  at 
Initiation  were  to  be  evaluated. 

The  results  of  this  investigation  indicates:  1)  that  under  the 
given  test  conditions  fatigue-crack  growth  rates  are  not  altered  by 
environment,  2)  that  a  pitting  environment  significantly  reduces  the 

fatigue  life  of  an  unflawed  specimen,  3)  that  there  appears  to  be  an 

/ 

endurance  limit  regardless  of  environment  and  4)  that  fatigue-crack 
initiation  from  corrosion  pits  Is  poorly  predicted  by  the  method  em¬ 
ployed.  Empirical  pitting  rate  constants  under  cyclic  loading  could 
not  be  evaluated. 
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NOMENCLATURE 


a  Crack  length  or  Pit  depth  (in  or  mm) 

aQ  Crack  length  of  minimum  detectible  crack  (in  or  mm) 

a/W  Crack  aspect  ratio,  or  dimensionless  crack  length 
(In/in  or  mm/mm) 

B  Thickness  of  specimen  (in  or  cm) 

C  Constant  in  Paris  type  equation 

C$  Cycle  ratio  (N^/N^) 

d  Pit  depth  (in  or  mm) 

da/dN  Crack  growth  rate  (in/cycle  or  mm/cycle) 

do/dt  Stress  transient 

e  Symbol  for  a  single  electron  or  Empirical  Constant 
In  Wei bul 1  Curve  Fit  Equation 

H°  Symbol  for  atomic  hydrogen 

H+  Symbol  for  ionic  hydrogen 

k  Empirical  constant 

K  Stress  intensity  (ksi»/Tn"  or  MPa^m)  or  Empirical  constant 
for  pitting  rate  equation 

K.  Stress  intensity  at  instability 

( ks i  yTrT  or  MPavin) 

K»  Critical  intensity  at  instability 

(ksi /in  or  MPa*^n) 

Kmax  Maximum  stress  intensity  (k s i «^TrT  or  MPa*6i) 

^mln  Minimum  stress  intensity  (ksi/TrTor  MPa>4) 

K  Fatigue_ crack  threshold  stress  intensity 

(ksi /in  or  MPa»fn) 

ks  1  Kilo-pounds  per  square  Inch  (1  ksi  =  6.895  MPa) 
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MPa  Mega  Pascal  or  10^  Pascal  (unit  of  pressure  or  stress) 

fl,n  Empirical  rate  exponents 

N  Number  of  cycles 

Number  of  cycles  to  fatigue  crack  initiation 

Nf  Number  of  cycles  to  failure 

P  Load  (lb  or  nt)  } 

Pf  Fatigue  loading 

P  Stress  ratio  (S m./S_,v) 

'  min  max 

?  ■  - 

S  Stress  (Ib/in  or  nt/cm) 

S^  Alternating  stress  (kip  or  nt) 

Smax  Maximum  stress  (kip  or  nt) 

Smin  Minimum  stress  (kip  or  nt) 

t  Time 

v  Empirical  constant 

W  Specimen  width  (in  or  cm) 

AK  Stress  intensity  range  (Kmax  -  Kmin)  (ksi/Tn  or  MPa/m) 

o  Stress  (ksi  or  MPa) 

OyS  Yield  stress  (ksi  or  MPa) 

c  Strain  (in/ in  or  m/m) 

<>  Elliptical  integral 
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1.0  INTRODUCTION 


•  As  progress  has  been  made  In  fatigue  life  analysis,  the  material 
structure,  R-ratio,  frequency,  waveform,  load  spectra,  stress  state 
.  and  flaw  type  have  emerged  as  important  factors.  Recently  it  has  be¬ 
come  more  and  more  apparent  that  environment  also  plays  a  major  role 
and  that  synergistic  effects  between  all  of  the  above  factors  are 
more  severe  than  previously  anticipated.  These  factors  and  their 
Interactions  are  shown  in  Figure  1  (1)*. 

This  relatively  new  knowledge  is  quite  disturbing  in  that  it 
seems  to  necessitate  fatigue  tests  for  each  particular  combination 
of  material  structure,  R-ratio,  frequency  ...  and  environment  encoun¬ 
tered  in  order  that  v.'C  mich.t  desi'T:  e+rnrfnroe  knuou^r  if 

the  mechanisms  by  which  the  above  phenomena  occur  can  be  understood, 
then  it  will  be  possible  to  circumvent  at  least  part  of  that  testing. 
This  work  considers  one  such  mechanism,  what  might  be  termed  the  mech¬ 
anism  of  mode  I  fatigue  crack  initiation  by  pitting  corrosion,  and 
provides  a  preliminary  attempt  at  quantifying  its  effects. 


♦Numbers  in  parentheses  (  )  refer  to  References,  page  140. 
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Figure  1:  Factors  Affecting  Response  To  Fatigue  Loading 
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2.0  OBJECTIVES 

*  •  « 

• 

The  general  objective  of  this  investigation  was  to  advance  the 
development  of  a  method  of  determining  the  fatigue  life  of  a  struc¬ 
ture  subjected  to  a  pitting  attack.  The  specific  objectives  were: 

a)  To  determine  the  feasibility  of  surface  photography  in 
establishing  pit  growth  rates  in  2 1 24-TS5 1  aluminum. 

b)  •  To  illustrate  environmental  effects  on  both  initiation 

and  propagation  of  fatigue  cracks. 

c)  To  apply  an  empirical  pitting  rate  method  to  actual 
fatigue  pitting. 

d)  To  determine  if  crack  initiation  values  (K  )  derived 

°c 

* - j: - - 1  - - a11  - £  n  ..... 

I  •  VIII  p  !  U  U  tlll'vi:^  IWIIJ  UIISJ  U  J  wi  i  I  |  IV4  1  .’Ml  •  vvv  •  •  vt. 

model  correlate  with  crack  initiation  values  (K  ) 

cp 

derived  from  a  linear  regression  Weibull*  curve  fit  of 
crack  propagation  data  (da/dN  vs  AK). 

e)  To  correlate  fracture  modes  found  on  pitting  initiated 
fracture  surfaces  with  those  found  on  the  more  common 
crack  propagation  type  specimen. 
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3.0  TECHNICAL  DISCUSSION 


To  understand  the  phencmenen  of  a  fatigue  crack  Initiating  at  a 
corrosion  pit  and  to  meet  the  objectives  of  this  investigation,  knowl¬ 
edge  must  be  acquired  from  a  variety  of  fields.  These  fields  have 
been  loosely  arranged  into  three  areas  and  are  reported  upon  in  the 
following  sections. 

3.1  Fatigue 

Fatigue  might  be  generally  described  as  the  degradation  of  struc¬ 
tural  reliability  due  to  an  alternating  stress  field.  More  precisely 
It. might  be  termed  as  subcritical  flaw  extension  due  to  an  alternat¬ 
ing  stress  field.  (A  representation  of  an  alternating  stress  field 
along  with  other  terms  typically  associated  with  fatigue  is  illus¬ 
trated  in  Figure  2.)  Since  nearly  all  structures  are  subjected  to 
alternating  stress  fields,  the  potential  for  fatigue  to  occur  is  enor¬ 
mous.  This  is  borne  out  by  the  numerous  failures  which  are  attri¬ 
buted  to  fatigue  every  year. 

The  fatigue  phenomenon  has  been  recognized  for  centuries  but  the 
first  significant  analysis  did  not  occur  until  slightly  over  one- 
hundred  years  ago  (2).  From  that  time  until  the  middle  of  this  cen¬ 
tury,  fatigue  was  treated  by  what  may  be  termed  as  "the  classical 
treatment  of  fatigue"  (3).  This  treatment  involved  the  testing  of 
what  were  thought  to  be  unflawed  specimens  at  constant  amplitude  al¬ 
ternating  stress  levels.  The  data  generated  from  such  tests  were 
plotted  as  a  stress  (S)  vs  number  of  cycles  (N)  to  failure  curve. 
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Figure  2:  Typical  Loading  Cycle  and  Terminology 
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This  curve,  Figure  3,  has  become  commonly  known  as  an  S-N  diagram. 
Fatigue  design  during  this  period  was  relatively  simple  and  consisted 
of  keeping  the  nominal  stresses  in  a  component  at  levels  below  the 
endurance  limit  (the  endurance  limit  being  the  maximum  stress  level 
at  which  failure  due  to  cyclic  loading  does  not  occur). 

Thejnext  major. innovation  in  fatigue  technology,  which  did  not 
occur  until  the  1940 * s ,  was  conceptually  based  upon  the  work  of  C.E. 
Inglis  in  1913  (4).  Inglis  was  the  first  to  acknowledge  the  presence 
of  flaws  in  a  material  and  their  role  as  stress  raisers.  Shortly  af¬ 
ter  the  work  by  Inglis,  Alan  A.  Griffith  proposed  the  first  viable 
Interpretation  of  flaw  extension  and  developed  a  mathematical  expres¬ 
sion  relating  the  extension  of  a  crack  to  elastic  strain  energy  at 
the  crack  tip  (5). 

Based  upon  Griffith's  model  and  the  observation  of  subcritical 
fatigue  crack  growth,  researchers  in  the  forties  and  fifties  proposed 
that  the  fatigue  phenomenon  occurred  in  three  separate  stages,  namely 
initiation,  propagation,  and  unstable  fracture.  For  a  period,  fatigue 
analysis  was  concentrated  almost  exclusively  upon  the  propagation 

phase  and  it  was  not  until  recently  that  attention  has  been  directed 

/ 

toward  that  portion  of  the  fatigue  life  devoted  to  initiation  (6,7). 
The  Importance  of  initiation  studies  is  revealed  when  one  considers 
that,  dependent  upon  several  factors,  initiation  can  account  for  a 
major  portion  of  fatigue  life  (Figure  4). 

A  proper  fatigue  analysis  must  account  for  all  three  regimes  of 
crack  growth  (the  third  regime,  unstable  fracture,  must  be  taken  into 
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gue  Process  -  Cycles  T?  Initiation,  Cycles  to  Failure 


account  for  the  obvious  reason  that  it  terminates  the  process).  Fig¬ 
ure  5  Identifies  the  fatigue  designer's  problem  and  suggests  some  of 
the  variables  which  might  tend  to  emphasize  one  regime  or  another. 

3.1.1  Fatigue  Crack  Propagation  (FCP) 

Over  the  past  thirty  years  fatigue  crack  growth  (FCG)  design 
technology  has  rapidly  evolved  (8,  9  and  3).  The  general  procedure 
Is  to  determine  crack  growth  rates  for  given  conditions  and  then  to 
somehow  integrate  an  equation  which  describes  the  growth  rate  thereby 
establishing  a  'safe  life'.  The  rate  equation  is  typically  of  the 
form:  •• 

w*f(S.  a.  4>)  '  (1) 

uii 

where  da/dN  is  the  FCG  rate  (in/cycles),  and  f(S,  a,  4>)  is  a  function 
of  the  gross  stress  (S),  the  crack  length  (a),  and  the  geometrical 
or  shape  conditions  ($). 

Numerous  proposals  for  fatigue  crack  propagation  'laws'  in  the 
form  of  Equation  (1)  have  been  developed  recently.  Several  of  these 
may  be  found  in  a  paper  by  Hoeppner  and  Krupp  (3).  Almost  all  of 
these  proposed  FCG  'laws'  suffer  from  the  same  inadequacy.  Briefly 
stated,  most  of  these  FCG  'laws'  are  inadequate  either  because  they 
fail  to  describe  all  three  regions  of  crack  growth  (Figure  6)  or 
because  they  require  one  to  assume  the  FCG  threshold  (Ko)  and/or  the 
FCG  instability  stress  intensity  (K^). 
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Figure  6:  The  Three  Regions  of  FCG 


A  relationship  which  does  not  suffer  from  either  of  the  above 
mentioned  inadequacies  was  developed  by  Bowie  and  Hoeppner  (10).  The 
relationship,  known  as  "the  four  parameter  Weibul  survivorship  func¬ 
tion",  Is  given  as: 

rfa  v  1/k 

$  -  e  +  (v-e)  (-In  (1  -  A  )  (2) 

b  * 

where  k,  e,  and  v  are  empirical  constants  and  is  the  stress  inten¬ 
sity  range  where  da/dN  is  infinitely  large.  All  four  of  these  para¬ 
meters  may  be  analytically  determined  through  a  regression  analysis. 

The  details  of  this  anlaysis  (which  was  further  developed  at  the 
University  of  Missouri  -  Columbia  (11,  12))  will  not  be  discussed 
here.  The  leader  ii  referred  Lu  Lite  work  uf  “.uellei  (13)  fui  an  is'i 
depth  discussion. 

A  unique  feature  of  this  relationship  is  realized  by  extrapolating 
to  the  lower  asymptotic,  condition,  da/dN  =  0.  When  this  is  done  the 
threshold  stress  intensity,  KQ  can  be  solved  for,  as  done  in  Equation 

3: 

K0  -  Kb  {1  -  exp  (-(^)k)}  (1-R)  (3) 

/.  • 

3.1.2  Fatigue  Crack  Initiation 

Whenever  fatigue  crack  initiation  is  discussed  a  basic  difficulty 
Is  always  encountered.  That  difficulty  being  the  definition  of  ini¬ 
tiation  Itself.  In  the  field,  initiation  is  most  often  defined  as  a 
fatigue  crack  of  size  aQ  which  is  the  smallest  size  the  nondestructive 
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testing  (NOT)  equipment  employed  can  detect.  Initiation,  defined  in 
this  manner,  then  becomes  a  function  of  the  NDT  technique  involved, 
the  NDT  properties  of  the  material  tested,  and  the  location  and  orien¬ 
tation  of  any  particular  flaw  sought.  While  this  particular  defini¬ 
tion  is  adequate  and  applicable  to  many  situations,  it  is  not  related 
in  any  way  to  fatigue  crack  initiation.  Since  the  mechanistic  theory 
of  initiation  is  just  beginning  to  emerge  it  would  be  presumptuous 
for  this  author  to  'define  what  constitutes  true  initiation  at  this 
time.  Instead,  some  proposed  fatigue  crack  initiation  mechanisms  will 
be  discussed.  From  this  discussion  it  is  hoped  that  at  least  a  basis 
for  the  definition  of  initiation  can  be  found  for  the  case. at  hand. 

It  is  becoming  generally  recognized  that  both  fatigue  crack  ini- 

{‘{sHaa  n  r\  A  ^  ■C  ^,4  4  f  1  *■.. 

»»«.*•  vtl  f  •*  V  1  v"  Wt  S.  VA  t  wvu  I  VI  I  v»  Vj'  I  W  w  I  V  »  I  VII  VUIVI  v  VII 

straint  to  deformation.  The  known  processes  that  may  lead  to  fatigue 
crack  initiation  are  slip,  twinning,  cleavage,  grain  boundary  flow  or 
fracture,  phase  boundary  flow  or  fracture,  and  particle  boundary  flow 
or  fracture  (14,  15).  These  processes  are  generally  thought  to  occur 
at  continuum  discontinuities,  however  under  specific  conditions  they 
may  develop  from  pure  deformation  and  the  subsequent  interaction  of ~ 
point  or  line  defects.  It  is  interesting  to  note  that  all  processes 
mentioned  are  internal  phenomena  rather  than  surface  phenomena. 

As  a  result  of  this  plastic  flow  theory  some  researchers  (16)  have 
attempted  to  determine  KQ  values  from  plastic  parameters  such  as  the 
shear  modulus.  Attempts  of  this  sort,  while  claiming  success,  seem 
to  neglect  the  fact  that  macroscopically  determined  parameters,  such 
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as  the  shear  modulus,  are  gross  generalizations  when  they  are  applied 
to  the  microscopic  level  (17). 

It  now  appears  that  the  dislocation  structures  generated  near  a 
fatigue  crack  are  different  from  those  found  in  the  general  bulk  (18, 
19).  In  the  bulk,  the  dislocations  are  arranged  in  veins  or  cell 
walls  in  what  might  be  termed  an  open  weave  density.  Near  the  crack 
tip,  dislocations  are  found  to  arrange  themselves  in  well  defined  lad¬ 
der  or  cell  structures  (18,  19).  These  dislocation  structures  near 
the  crack  tip  are  the  result  of  both  generation  and  transfer  of  dislo¬ 
cations  from  the  surrounding  matrix.  The  highly  defined  ladder  or  cell 
structure  approximately  corresponds  to  the  plastic  zone  size  calculated 
by  fracture  mechanics  (18). 

While  the  above  discussion  pertains  to  a  preexistent  crack  it 
Is  found  that  the  same  type  of  structure  develops,  at  initiation  sites. 
When  these  structures  are  found  at  initiation  points  they  have  been 
termed  persistent  slip  bands  (PSB).  Some  researchers  have  theorized 
that  the  PSB  result  in  intrusions  and  extrusions  (Figure  7)  which 
develop  into  fatigue  cracks  (19,  20).  While  this  particular  theory 
is  far  from  proven  it  does  appear  that  the  development  of  bands  of 
high  dislocation  density  surrounding  a  matrix  of  relatively  low  dis¬ 
location  density  is  a  prerequisite  for  both  initiation  and  propagation 
of  fatigue  cracks. 

3.1.3  Corrosion  Fatigue 

As  fatigue  research  has  progressed,  it  has  become  more  apparent 
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that  environment  Is  an  Important  factor.  Laboratory  air  tests  which 
were  once  thought  to  represent  pure  fatigue  have  since  been  shown  to 
be  sensitive  to  the  testing  humidity  among  other  environmental  para¬ 
meters.  As  a  result,  extensive  research  on  corrosion  fatigue  has  led 
to  the  traditional  model  which  superimposes  the  stress  corrosion 
cracking  phenomenon  upon  the  fatigue  phenomenon.  As  a  result  the 

phrase,  'the  synergistic  effects  between  corrosion  and  fatigue',  has 
•  • 

become  popular  in  recent  years.  This  synergistic  interaction  is  known 
to  affect  both  the  initiation  and  propagation  stages  of  corrosion  fa¬ 
tigue  in  several  ways  (21).  In  general,  the  more  severe  the  environ¬ 
ment  the  less  time  is  required  to  initiate  a  fatigue  crack  and  the 
higher  the  fatigue  crack  growth  rate/ 

Since  fatigue  crack  initiation  is  poorly  understood  it  is  no 
wonder  corrosion  aided  fatigue  crack  initiation  is  even  less  well  un¬ 
derstood.  It  has  been  reported  that  there  is  a  relationship  between 
the  previously  mentioned  persistent  slip  bands  and  the  electrochemical 
dissolution  rate  (22).  It  is  theorized  that  more  severe  environments 
accelerate  the  process  by  which  PSB  lead  to  initiation  (19).  It  is 

not  clear  at  this  time  whether  this  acceleration  is  due  to  the  dis- 

/ 

solution  of  certain  structures  within  the  PSB  or  some  other  mechanical 
chemical  process.  However,  it  does  seem  evident  that  any  comprehen¬ 
sive  theory  on  corrosion  fatigue  crack  initiation  must  take  into  con¬ 
sideration  the  process  of  oxide  or  film  growth,  passivation,  and  dif¬ 
fusion,  and  their  effects  upon  the  near-surface  dislocation  structures 
and  local  mechanical  properties. 
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When  fatigue  crack  growth  occurs  in  an  active  environment,  inter¬ 
actions  occur  at  the  crack  tip  which  generally  decreases  the  fatigue 
life.  Several  different  theories  have  been  developed  which  attempt 
to  explain  these  interactions,  however  most  of  them  are  based  upon 
the  same  theoretical  driving  force.  That  driving  force  might  be  ex¬ 
plained  in  the  following  way.  As  the  local  stress  is  increased  and 
the  crack  begins  to  propagate,  resulting  in  the  formation  of  two  new 
surfaces,  the  freshly  exposed  surfaces  are  anodic  to  the  rest  of  the 
structure.  Under  normal  circumstances  the  anodic  crack  tip  area  is 
much,  much  smaller  than  the  area  of  the  rest  of  the  structure  and  thus 
extremely  high  dissolution  rates  should  occur  there.  Figure  8  (23). 

As  a  result,  transient  oxidation  or  passivation  effects  on  the  order  of 
milliseconds  become  very  important  (19).  This  explains  the  often  ob¬ 
served  frequency  effects  in  corrosion  fatigue  growth  rates  (24,  25). 
Another  parameter  which  is  often  seen  to  have  an  effect  on  the  growth 
rate  is  the  R-ratio  (26,  27).  This  effect  may  be  explained  on  the 
basis  of  the  crack  tip  opening  displacement  which  limits  the  access  of 
the  corrosive  environment  to  the  freshly  exposed  surfaces.  It  should 
be  noted  that  the  local  chemistry  near  the  crack  tip  is  quite  different 
from  that  of  the  bulk  solution  (19). 

As  mentioned  previously,  several  theories,  all  based  on  the  same 
theoretical  driving  mechanism,  have  been  developed  which  attempt  to 
explain  corrosion  fatigue.  These  theories  might  be  divided  into  three 
separate  categories  (19): 

1)  theories  involving  dissolution  of  metal  at  the  tip, 
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2)  theories  Involving  essentially  mechanical  crack  tip 
effects, 

3)  theories  involving  changes  in  the  local  deformation 
character  of  the  material  at  the  crack  tip. 

Theories  of  the  first  type  (28)  simply  attribute  the  increased 
crack  growth  rates  to  the  anodic  dissolution  at  the  crack  tip.  From 
this  type  of  theory  it  follows  that  increased  anodic  reactions  result 
in  Increased  growth  rates.  However  this  is  not  always  the  case  (29  ). 

The  second  group  of  theories  suggests  that  the  mechanical  proper¬ 
ties  at  the  crack  tip  are  altered  or  that  the  crack  tip  geometry  it¬ 
self  is  altered.  This  alteration  results  from  the  environmentally 
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example,  a  ductile  to  brittle  transition  of  the  oxide  film  might  in¬ 
crease  the  growth  rate  by  effectively  sharpening* the  crack  tip  (30). 

The  third  group  of  theories  relates  the  changes  in  crack  growth 
rate  to  changes  in  the  mechanical  properties  in  the  plastic  zone. 

These  theories  depend  upon  the  diffusion  of  elemental  species  into 
the  metallic  lattice.  It  is  proposed  that  the  diffused  specie  either 
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reduces  the  cohesive  strength  of  the  material  sufficiently  to  promote 
a  cleavage  mode  of  fracture  (31)  or,  dependent  upon  the  conditions, 
has  a  hydrogen  embrittlement  type  effect  (32).  Interestingly,  hydro¬ 
gen  would  be  expected  to  be  generated  near  a  propagating  crack  tip  in 
an  aqueous  environment  (23).  Figure  9  (23)  conjectural ly  illustrates 
how  crack  tip  dissolutionment  could  result  in  atomic  hydrogen  entering 
the  metallic  lattice.  For  an  in-depth  review  of  hydrogen  embrittlement 


the  reader  Is  referred  to  references  33,  34,  35  and  36. 

Since  none  of  the  above  mentioned  theories  can  completely  account 
for  all  cases  of  environmentally  accelerated  fatigue  crack  growth.  It 
is  suggested  that  all  of  them  may  play  a  role  with  particular  environ¬ 
ments  in  combination  with  specific  materials  determining  which  mech- 
anism(s)  is  (are)  dominant.  If  this  is  indeed  true,  corrosion  fatigue 
effects  will  not  be  analytically  predicted  for  some  time  to  come. 

3.2  Localized  Corrosion  -  Pitting 

Corrosion  has  been  described  as  the  destructive  attack  of  a  metal 
by  chemical  or  electrochemical  reaction  with  its  environment  (37). 

The  monetary  cost  of  corrosion  to  the  civilized  world  each  year  is 
staggering.  Much  of  this  monetary  loss  is  accounted  for  by  forms  of 
corrosion  which  lead  to  an  obvious  degradation  and  eventual  replace¬ 
ment  of  a  part.  But  perhaps  ethically  more  important  are  those  types 
of  corrosion  which  are  difficult  to  detect,  since  they  could  often  lead 
to  the  leakage  of  hazardous  materials  or  to  sudden  fracture,  either  of 
which  could  endanger  human  lives.  A  prime  example  of  this  type  of 
corrosion  is  known  as  pitting.  While  pitting  occurs  in  many  materials, 
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attention  here  will  be  directed  specifically  to  the  pitting  of  aluminum 
alloys  In  a  sodium  choride  solution. 

Metals  which  owe  their  corrosion  resistance  to  passivation  (passi¬ 
vation  Is  a  result  of  an  oxide  barrier  film  between  the  base  metal  and 
the  environment)  may  be  susceptible  to  pitting  when  certain  environ¬ 
ments  are  encountered  (38).  Aluminum  Is  generally  resistant  to  corro¬ 
sion  due  to  Its  passive  film  and  therefore  is  potentially  susceptible 
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to  pitting.  For  pitting  to  occur  the  environmental  presence  of  cer¬ 
tain  anions  is  required.  The  most  prevalent  pitting  anion  is  Cl", 
however  Br”,  I",  and  F"  are  also  encountered  (39).  Pitting  is  an 
extremely  localized  attack  of  a  metal.  Corrosion  pits  may  generally 
be  described  as  semielliptical  cavities  in  a  material  and  are  caused 
by  chemical  or  electrochemical  reactions.  Pits  may  be  found  singly, 
or  more 'often,  distributed  in  an  apparently  random  fashion  across  the 
metal's  surface  (38).  The  pits'  small  size  plus  the  fact  that  they 
are  often  filled  and  obscured  by  corrosion  products  and  other  debris, 
makes  them  difficult  to  detect  (38). 

Any  evaluation  of  pitting  must  address  two  distinct  and  sequen¬ 
tial  subjects:  1)  pit  initiation  and  2)  pit  growth.  Pit  initiation 
Involves  the  understanding  of  the  mechanism  and  the  possible  retarda- 
tion  of  that  mechanism.  Pit  growth  involves  the  chemical  kinetics  of 
a  pit  once  it  has  been  initiated. 

3.2.1  Pit  Initiation 

When  approaching  the  subject  of  pit  initiation  on  an  unstressed 
aluminum  surface  exposed  to  a  brine  solution,  tv.-o  major  questions  pre¬ 
sent  themselves: 

aj  By  what  mechanism  does  pit  initiation  occur? 

b)  Why  do  certain  areas  on  the  aluminum  surface  induce  a  pit 
to  Initiate?  In  other  words,  what  kind  of  physical  dis¬ 
continuities,  In  either  the  metal  or  the  solution,  establish 
the  chemical  or  electrochemical  forces  necessary  to  initiate 
a  pit? 


The  first  question  might  be  answered  in  the  following  way. 

Aluminum  immersed  in  a  sodium  chloride  solution  forms  a  protective 
surface  film  (i.e.  It  becomes  passive)  which  slows  the  corrosive  pro¬ 
cess  to  a  minimum.  It  is  hypothesized  that  chloride  ions  (Cl")  local¬ 
ly  breakdown  this  passivity  and  initiate  pits.  The  process  by  which 
this  breakdown  occurs  is  not  definitely  known  but  is  thought  to  in¬ 
volve  two  steps:  1)  adsorption  of  Cl”  on  the  oxide-solution  interface 
under  the  influence  of  an  electric  field  and  2)  the  formation  of  a 
basic  hydroxy  chloride  aluminum  salt  which  is  readily  soluble  (Figure 
10).  As  the  passive  layer  is  locally  dissolved,  chloride  ions  are 
drawn  to  that  area  due  to  the  increased  local  corrosion  rate.  This 
Increase  in  Cl"  concentration  causes  an  increased  dissolution  of  the 
oxide  layer,  which  causes  more  Cl"  to  be  drawn  to  the  site  and  on 
and  on  until  the  oxide  layer  no  longer  forms  because  its  constituents 
Immediately  go  into  solution  (37).  At  that  point,  the  pit  can  be  said 
to  have  completed  initiation  and  be  in  the  pit  growth  phase. 

The  answer  to  the  second  question  has  not  yet  been  formalized  into 
a  precise  theory,  but  general  observations  may  be  made.  First  it  seems 
obvious  that  the  initiation  site  is  determined  by  some  sort  of  local 
discontinuity  since  a  localized  attack  occurs.  The  cause  of  the  initial 
imbalance  in  corrosion  rates  (and  therefore  the  initial  imbalance  in 
Cl"  concentration)  could  be  due  to  any  number  of  things  such  as  a  small 
surface  scratch,  a  discontinuity  In  the  protective  oxide  film,  a  dislo¬ 
cation  which  Intersects  the  surface  of  the  metal,  certain  grain  orien¬ 
tations,  grain  boundaries,  or  perhaps  just  the  random  variations  in 
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Figure  10:  Pit  Initiation  Sequence 


solution  composition  (37,  38}.  It  is  apparent  that  during  the  Initia¬ 
tion  and  early  growth  stages  of  a  pit,  conditions  are  especially  un¬ 
stable  In  that  any  stray  convection  current  can  easily  sweep  away  the 
localized  chloride  ions  responsible  and  thus  allow  the  relatively 
stable  surface  film  to  return.  This  instability  has  been  experimental¬ 
ly  observed  (38). 

Pit  Initiation  up  to  this  point  has  only  been  discussed  for  the 
situation  where  the- material  is  statically  stressed.  Literature  con¬ 
cerning  how  the  mechanism  is  altered  when  the  base  material  is  experi¬ 
encing  a  stress  (and  necessarily  a  strain)  transient  is  sparse.  This 
Is  surprising  since  most  materials  experience  stress  transients  of  one 
type  or  another.  Since  little  has  been  published  on  this  subject  the 
author  will  proDose  a  theory  based  uDon  a  Drc.iecticn  of  what  has  been 
published  and  upon  the  author's  basic  mechanical  knowledge.  It  should 
be  remembered  that  this  theory  has  not,  to  the  author's  knowledge,  been 
experimentally  proven. 

Since  the  oxide  film  is  both  chemically  and  structurally  different 
from  the  base  material  we  must  consider  the  mechanical  system  to  con¬ 
sist  of  two  separate  materials  with  different  physical  properties.  A 
truly  effective  passive  film  (such  as  the  type  typically  associated 
with  aluminum)  is  continuous  and  coherent.  It  also  has  a  strong  af¬ 
finity  for  the  base  metal  and  is  normally  very  thin  relative  to  the 
base  material  (30).  Also  oxide  films  tend  to  be  much  more  brittle 
than  their  base  materials. 

When  a  structure  which  is  Immersed  In  a  pitting  environment  is 
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subjected  to  a  stress  transient  (in  this  case  simple  tension  (Figure 
ID)  the  base  material  may  be  under  either  stress  controlled  or  strain 
controlled  conditions.  It  seems  reasonable  to  assume  that  the  oxide 
film’s  addition  to  the  load  carrying  capacity  is  negligible.  There¬ 
fore  the  oxide  film  is  always  subjected  to  strain  controlled  condi¬ 
tions  since  it  adheres  to  the  base  material.  When  certain  strain 
levels  are  attained  the  brittle  oxide  layer  should  fracture  exposing 
base  material  and  thus  accelerating  initiation. 

The  fracture  of  the  oxide  layer  might  occur  in  either  of  two  ways, 
the  first  way  would  involve  fracture  through  the  oxide  layer  in  a  di¬ 
rection  normal  to  the  tensile  strains.  Since  the  strain  is  primarily 
transferred  from  the  base  material  to  the  film  through  shear  loading 
along  the  interface  rather  than  through  the  oxide  layer  itself,  frac¬ 
ture  should  occur  in  numerous  places  causing  a  ladder  type  appearance 
(Figure  12).  As  a  result  we  would  expect  numerous  initiation  sites. 

The  second  type  of  fracture  which  might  occur  would  begin  along  the 
oxide-base  interface  effectively  separating  the  oxide  layer  from  the 
base  on  a  local  level.  As  these  local  separations  become  larger, 
fracture  would  eventually  occur  in  a  direction  normal  to  the  surface 
causing  the  oxide  layer  to  flake  off.  This  type  of  process  would  ex¬ 
pose  relatively  large  areas  of  base  metal  to  the  environment  thus  sig¬ 
nificantly  accelerating  pit  initiation  (Figure  13). 

When  strains  In  the  oxide  layer  are  insufficient  to  cause  frac¬ 
ture,  pit  Initiation  should  still  be  accelerated.  The  acceleration 
would  be  due  to  higher  diffusion  rates  in  a  strained  structure.  This 
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Is  assuming  that  pit  initiation  is  in  fact  at  least  partially  con¬ 
trolled  by  a  diffusion  process. 

When  a  structure  is  subjected  to  a  fatigue  type  loading  rather 
than  a  single  transient,  one  would  expect  the  minimum  strain  at  which 
oxide  fracture  occurs  to  be  lowered.  'In  addition,  if  the  mechanically 
Induced,  newly  exposed  surfaces  repassivate  the  process  would  start 
again.  This  suggests  that  under  certain  conditions,  fatigue  crack 
Initiation  might  occur  as  a  result  of  successive  cracking  and  subse¬ 
quent  passivation. 

3.2.2  Pit  Growth 

Or.ce  a  pit  has  been  initiated  the’ question  arises  as  to  what 
mechanism  continues  its  growth.  A  corrosion  pit  is  a  unique  type  of 
anodic  reaction.  It  is  an  autocatalytic  process  (37).  That  is,  the 
corrosion  process  within  a  pit  produces  conditions  which  are  both 
stimulating  and  necessary  for  the  continued  growth  of  the  pit.  The 
mechanism  in  effect  involves  the  rapid  dissolution  of  aluminum  ions 
within  the  pit,  while  oxygen  reduction  takes  place  on  adjacent  sur¬ 
faces  (37).  (The  presence  of  copper  containing  phases  accelerates 
the  reduction  of  oxygen  and  thus  the  pitting  process  (38)).  The 
rapid  dissolution  of  metal  within  the  pit  tends  to  produce  an  excess 
of  positive  charge  in  this  area  resulting  in  the  migration  of  chlo¬ 
ride  Ions  so  as  to  maintain  elcctroncutrality  (38).  These  chloride 
ions  combine  with  the  aluminum  Ions,  usually  in  the  form  of  A1 C 1 ^  (40), 
ind  disperse  into  the  solution  due  to  that  compound's  high  solubility. 
This  then  adds  to  the  force  driving  the  pit's  growth  at  an  ever- 


accelerating  pace  which  Is  limited  only  by  the  diffusion  rates.  In  a 
sense,  pits  cathodically  protect  the  rest  of  the  metal's  surface  (37). 
Figure  14  Illustrates  the  pit  growth  mechanism. 

The  effect  of  stress,  and  in  particular  fatigue  stresses,  upon 
pit  growth  is  about  as  poorly  understood  as  it  is  for  pit  initiation. 
However,  in  the  author's  opinion,  at  least  two  opposing  effects  are 
involved.  The  first* effect  would  be  that  the  dissolution  of  aluminum 
would  be  aided  by  the  potential  energy  increase  due  to  the  material 
straining.  The  second  effect  is  a  result  of  the  volume  change  within 
the  pit  as  the  structure  is  cycled.  As  the  volume  is  expanded  and 
then  contracted  a  pumping  action  would  occur  which  would  tend  to  aid 
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add  to  pit  growth  instability. 

« 

3.2.3  Pit  Growth  Rates 

Corrosion  pitting  has  been  found  to  be  related  to  area  of  expo¬ 
sure,  time  of  exposure  and  the  material/environment  under  considera¬ 
tion.  At  this  time  the  two  equations  used  to  determine  pit  depth  are 

due  to  Scott  (41)  et  al.,  and  Godard  (42).  They  are,  respectively, 

/ 

a  =  bA^  (4) 

and 

a  -  C,  (t)V3  (5) 

where 

a  «  maximum  pit  depth 
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A  *  area  of  exposure 

t  ■  time 

btC^  «  are  parameters  related  to  the  material/environment  ' 
combination 

The  first  equation  above  is  based  upon  allowing  exposure  time  to 
be  constant  while  the  second  is  based  upon  allowing  exposure  area  to 
be  constant.  Since  and  b  are  material/environment  parameters  they 
must  be  determined  experimentally. 

Another  applicable  method  of  determining  pitting  rates  under  spe¬ 
cific  conditions  is  the  use  of  extreme  value  statistics.  An  excellent 
analysis  on  this  subject  is  presented  by  Aziz  (43). 

3.3  Stress  In  A  Pit 

The  importance  of  pitting  to  the  present  work  is  that  pits  are 
natural  stress  raisers  and  therefore  potential  sites  for  fatigue 
crack  initiation  (Figure  15).  As  such  it  is  important  to  establish 
an  analytical  method  for  determining  the  stress  at  the  pit.  The 
first  step  in  determining  any  analytical  method  is  to  geometrically 
describe  the  flaw  (pit).  As  is  generally  the  case,  this  step  is  a 
major  barrier  which  can  only  be  overcome  by  idealization  of  the  true 
geometrical  shape  (most  often  extremely  complex)  into  a  manageable 
shape.  Manageable  shape  in  this  case  being  a  shape  which  is  easily 
defined  mathematically.  The  validity  of  any  evaluation  will  be  depen¬ 
dent  upon  the  degree  of  Idealization.  Therefore  it  seems  necessary 
to  determine  the  true  geometrical  shape  of  the  flaw  before  the  validity 
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3)  ENVIRONMENTALLY  ENHANCEO  4)  STRESS  INTENSITY  DOMINATED 

FATIGUE- CRACK  PROPAGATION  FATIGUE  -  CRACK  GROWTH 


Figure  15:  Fatigue  Process  Resulting  From  Pitting  Corrosion 
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of  any  analytical  method  can  be  evaluated. 

Fits  come  In  a  wide  range  of  shapes  and  sizes  however  most  of 
them  which  are  encountered  may  be  generally  described  as  semiellipti- 
cal  surface  cavities  (38).  As  such  they  are  typically  described  by 
two  parameters,  the  pit  depth  (a)  and  the  pit  diameter  at  the  surface 
(2c)  (Figure  16).  Being  cavities  they  are  three  dimensional  in  nature. 
These  cavities  are  rarely  smooth  surfaced  and  in  fact  can  often  be 
extremely  irregular.  From  the  above  it  can  be  concluded  that  the  op¬ 
timum  mathematical  shape  would  account  for: 

1)  the  three  dimensional  nature  of  the  flaw, 

2)  the  irregularities  along  the  cavity  walls, 

3)  the  statistical  variations  of  both  one  and  two  above. 

The  first  requirement  could  easily  be  satisfied  either  analyti¬ 
cally  or  more  probably  numerically.  The  second  requirement  is  more 
difficult  to  satisfy  but  might  be  handled  by  modeling  of  the  'largest' 
surface  irregularity  at  the  point  of  maximums  stress  and  then  idealiz¬ 
ing  the  remainder  of  the  cavity  as  being  smooth  (Figure  17).  The 
third  requirement  is  without  doubt  beyond  the  capability  of  present 
day  technology  and  is  therefore  impossible  to  analytically  treat  at 
this  time. 

One  analytical  method  would  be  to  devise  a  three  dimensional 
finite  element  analysis  around  the  geometrical  shape  shown  in  Figure 
17.  This  method  seems  to  approach  the  problem  with  the  least  distor¬ 
tion  of  the  actual  shape. 

An  alternative  approach  would  be  to  idealize  the  three-dimensional 
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SECTION  A-A 


Figure  16:  Pit  Shape  and  Dimensioning 
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Figure  17 


:  Three  Dimensional  Idealization  of  Flaw  (Pit) 
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shape  of  the  pit  as  a  two  dimensional  semlelllptlcal  surface  flaw 
(Figure  10).  While  this  at  first  appears  to  be  a  gross  idealization 
It  does  provide  a  simplified  nonnumerical  method  for  evaluating  the 
stresses  surrounding  the  flaw.  In  addition,  if  pit  initiation  occurs 
by  means  of  oxide  fracture  as  mentioned  in  the  previous  section,  the 
semielliptical  surface  flaw  idealization  error  would  tend  to  greatly 
diminish.  It  should  be  noted  that  this  type  of  idealization  would  re¬ 
sult  In  the  prediction  of  highe'r'stresses  than  actually  would  occur  (44). 

The  initial  analysis  of  a  semielliptical  surface  flaw  is  credited 
to  Irwin  (45)  and  was  later  refined  by  Paris  (46).  The  form  of  the 
equation  for  the  stress  intensity  (K)  at  the  bottom  of  a  semiellipti- 
cal  crack  is  of  the  form: 


K  =  (  g 
* 


ira  M 


1/2 


0.177  M  (- 2-Y 
°ys 


(6) 


where  M  -  1  +  0.12  (1  -  a/c)  and  is  the  front-face  free  surface 
correction  factor,  <f>  is  the  elliptical  integral  as  is  described  in 
Figure  19,  a  is  the  gross  stress,  o  is  the  yield  stress  of  the 
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material,  and  a  and  c  are  as  defined  before.  The  above  equation  as¬ 
sumes  that  there  are  no  back  surface  or  net  section  effects  (i.e.  the 
crack  dimensions  are  much,  much  smaller  than  the  part  dimensions). 

Having  developed  the  technical  background  to  support  the  objec¬ 
tives,  the  theory  was  Investigated  experimentally  using  2124-T851 
aluminum. 
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Figure  18:  Scmlel 1 Iptical  Surface  Flaw 
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4.0  MATERIAL  CHARACTERIZATION 

* 

For  this  Investigation  the  aluminum  alloy  2124-T851,  in  the  form 
of  a  3"-thick  plate,  was  chosen,  (formerly  designated,  "Alcoa  417 
Process  2024")  (47).  (Note:  since  2124  and  2024  are  so  similar  they 
will  be  compared  throughout  this  material  characterization.)  The  alloy 
itself  is  2124  while  T851  indicates  the  heat  treatment.  In  this  case, 
a  solution  heat  treatment  followed  by  cold  working,  artificial  aging, 
and  stress  relief  provided  by  stretching  to  a  0.5  to  3%  permanent 
set  (48).  Alloy  2124  is  a  high  purity  derivative  of  2024  in  which  iron, 
and  silicon  concentrations  are  more  closely  controlled  (47).  The  2000 
series,  of  which  2024  and  2124  are  both  a  part  of,  can  normally  be 
iuculiricu  ujr  Lhcli  ii»yi\  copper  conceal  (5.3  -  Z.Ziv }  (45). 

Copper  is  one  of  the  most  important  alloying  elements  in  alumi¬ 
num  systems  because  of  its  high  soluability  and  strengthening  ef¬ 
fects  (48).  Copper  can  contribute  to  the  strengthening  of  aluminum 
alloys  in  two  ways,  1)  as  a  solid  solution  inhibiting  dislocation 
movement  and,  2)  as  part  of  a  precipitate  which  also  inhibits  dislo¬ 
cation  movement  but  to  a  much  greater  degree  (48).  It  is  this  second 
feature,  precipitation  hardening,  which  is  by  far  the  most  important. 

By  using  various  heat  treatments  a  wide  range  of  properties  may  be 
obtained  (48). 

The  precipitates  normally  encountered  are  either  CuA^  or,  if 
enough  magnesium  is  present,  CuMgAl^  (40).  The  magnesium  is  normally 
added  to  Increase  and  accelerate  age  hardening  at  room  temperature  (48). 
Other  phases  one  might  possibly  encounter  are  f-^Al^,  Mg^Si,  and  MgZn, 
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provided  adequate  concentrations  of  these  elements  are  available  (48). 

Other  general  properties  of  the  2000  series  alloys  are  that  they 
do  not  have  a  corrosion  resistance  as  good  as  that  of  most  other  alu¬ 
minum  alloys  and  under  given  conditions  are  sometimes  subject  to  inter¬ 
granular  corrosion  (50).  However  the  alloys  in  this  series  are  gener¬ 
ally  thought  to  be  highly  resistant  to  stress  corrosion  cracking  (51). 
When  these  alloys  are  in  the  heat-treated  condition  they  have  mechan¬ 
ical  properties  approximately  equivalent  to  those  of  mild  steel  (50). 

4.1  Chemical  Analysis 

.In  Table  1  the  chemical  compositions  of  2124  and  2024  aluminum 

systems  are  given.  The  constituent  limits  are  listed  along  with  the 

composition  experimentally  determined  for  the  2124  plate  used  in  this 

Investigation  (52).  The  experimentally  determined  composition  falls 

« 

within  all  given  limits  set  for  this  alloy. 

When  comparing  2124  composition  limits  to  2024  composition  limits 
the  only  differences  are  for  the  elements  iron,  0.30  max  to  0.50  max; 
silicon,  0.20  max  to  0.50  max;  and  titanium  0.05  max  to  0.20  max, 
respectively.  In  other  words,  assuming  that  these  are  tramp  elements, 
2124  is  a  slightly  cleaner  alloy.  The  reduction  of  iron  and  silicon 
concentrations  would  be  expected  to  improve  the  fracture  toughness 
of  this  alloy  (20). 

4.2  Orientation  Terminology 

In  order  to  describe  the  anisotropic  properties  in  the  following 
sections  it  seems  best  to  Introduce  a  reference  system  at  this  time 
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TABLE  1 

COMPARISON  OF  CHEMICAL  COMPOSITIONS 


Element 

2124 

Actual,  % 

2124 

Green  Letter 
Limits,  %  (47) 

Copper 

3.88 

3.8  -  4.9 

Magnesium 

'  1.34 

1,2  -  1.8 

Manganese 

0.52 

0.30  -  0.9 

Zinc 

0.08 

0.25  max 

Iron 

0.06 

0.30  max 

Silicon 

0.06 

0.20  max 

Titanium 

0.02 

— 

rhrivrn  urn 

0.01 

fl  in  mav 

Nickel 

0.01 

«... 

Lead 

0.01 

• 

Tin 

0.01 

mmmrn  mm 

Others 

Each 

— 

0.05  max 

Total 

0.15  max 

2024 

ASTM 

Limits,  %  (53) 
3.8  -  4.9 
1.2  -  1.8 
0.30  -  0.90 
0.25  max 
0.50  max 
0.50  max 
0.10  max 


0.05  max 
0.15  max 
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which  will  be  adhered  to  throughout  the  remainder  of  this  work.  Re- 
ferlng  to  Figure  20,  three  directions  are  required,  rolling  (R),  thick¬ 
ness  (T),  and  width  (W). 

With  these  directions  as  a  reference,  a  plane  is  specified  by  the 
direction  normal  to  it.  For  example,  a  T-plane  is  any  plane  which  is 
parallel  to  the  rolled  surface.  Whenever  a  specimen  is  under  consid¬ 
eration,  tv/o  letters  shall  be  used,  the  first  letter  specifies  the 
loading  direction  while  the  second  letter  specifies  the  direction  in 
which  the  crack  will  propagate.  For  example,  a  specimen  in  the  RW 
orientation  is  loaded  in  the  R-direction  and  fractures  in  the  W-direc- 
tlon.'  When  a  specimen  is  to  fracture  in  more  than  one  direction  (i.e. 
radially  on  a  plane)  it  shall  be  described  by  two  letters.  The  first 
letter  specifies  the  loading  direction  as  before  but  the  second  spe¬ 
cifies  the  normal  to  the  fracture  plane.  For  example,  a  specimen  in 
the  RR  orientation  is  loaded  in  the  R-direction  while  the  fracture 
occurs  in  both  the  VI  and  the  T  directions. 

4.3  Hardness  and  Tensile  Tests 

Hardness  and  tensile  tests  were  conducted  at  midthickness  of  the 
three  inch  plate.  The  averaged  values  for  those  tests  are  found  in 
Table  2  along  with  the  tensile  properties  for  2124-T851  as  specified 
In  Alcoa's  Green  Letter  (47)  and  those  for  2024-TS51  as  specified  by 
ASTM  (53).  The  tensile  specimens,  (three  separate  specimens  were  tested 
and  the  results  averaged),  were  machined  from  the  midplane  of  the 
plate  according  to  Figure  21  and  were  in  the  RR  orientation. 
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Figure  20:  Orlentatl sn  Terminology 
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TABLE  2 

MECHANICAL  PROPERTIES  OF  2124-T851  AND  2024-T851 


RR  -  Orientation 


~  2124-T85 1 

2024-T851 

Property 

Actual 

Specified,  (47) 

Specified,  (53) 

Tensile  Strength 

65.0(448)  min 

66.0(455)  min 

Ksi  (MPa) 

72.5(500) 

69.8(481)  avg 

70.0(483)  avg 

Yield  Strength 

57.0(393)  min 

58.0(400)  min 

Ksi  (MPa) 

63.0(434) 

63.5(438)  avg 

65.0(448)  avg 

Elongation,  % 

6  min 

5  min 

. 

9.0  avg 

8.0  avg 

Hardness  (2124-T851) 

Hardness,  (Rockwell  -  B) 

Plane 

1 

2  3 

Avq. 

R 

79.9 

79.0  80.0 

79.6 

W 

74.9 

76.8  74.0 

75.2 

T 

77.5 

78.5  79.5 

78.5 
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From  the  mechanical  properties  table  we  see  that  the  actual  ten¬ 
sile  and  yield  strengths  for  the  2124-1851  3-inch  plate  compare  favor¬ 
ably  with  those  specified.  Also  the  specified  2124-T851  tensile  and 
yield  strengths  are  slightly  less  than  those  specified  for  2024-T851 
while  the  2124-T851  is  slightly  more  ductile. 

4.4  Fracture  Toughness 

Fracture  toughness  tests  were  not  performed  on  the  test  material, 
however  Kj^  values  from  the  literature  (54)  have  been  included  in 
Table  3  for  both  2124-TS51  and  2024-T851.  While  these  values  must 
be  viev/ed  cautiously  in  reference  to  the  particular  material  used  in 
this  investigation  they  give  a  general  idea  as  to  the  probable  ranges 
an<5  inoic^ce  ^ne  Tracture  uougnness  super i ur « uy  ui  t  it“t*  ioj  i  over 
2024-T851. 

4.5  Microstructure 

The  microstructure  was  examined  at  three  different  levels  through 
the  plate  thickness:  a)  near  the  surface,  b)  at  the  quarter  plane 
(1/4-deep)  0.75  inches  below  the  surface,  and  c)  at  the  mid  plane 
(1/2-deep)  1.5  inches  below  the  surface,  (Figure  22).  The  three  prin¬ 
cipal  orthogonal  planes,  (R,  W.  and  T),  were  prepared  for  each  level. 
Each  specimen  was  metalographical ly  prepared  and  then  etched  with 
Keller's  etching  reagent  (55).  The  three  levels  were  chosen  with  the 
Intent  of  showing  microstructural  variation  through  the  thickness  of 
the  three  inch  plate. 

The  resulting  photomicrographs  are  shown  in  Figures  23,  24,  and 
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TABLE  3 


FRACTURE  TOUGHNESS  VALUES  FOR  2124-T851  AND  2024-T851 
ENVIRONMENT  -  LAB  AIR 


Orientation 

RW 

KR 


Published  Krr 
(Ksi 

2124-T851 ,  (54) 

23.6* 

22.8* 


Published  KTr 
(Ksi  /Tn)iL 
2024-T851 ,  (54) 

21.6** 

18.4** 


♦Thickness  =  0.75  inches 
♦♦.Thickness  =  0.625  inches 
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25.  from  these  photomicrographs  It  was  noted  that: 

1)  The  concentration  of  dark  spherical  particles,  (CuMgA^  or 

Ci^Mn  A1 2q  precipitates),  decreases  as  the  center  of  the 
plate  is  approached.  * 

2)  The  degree  of  deformation  of  the  grains  decreases  as  the 
center  of  the  plate  is  approached. 

3)  Strain  lines  appear  at  all  levels  and  in  all  orientations. 

4)  There  is  a  high  contrast  between  grains  which  is  normally 
associated  with  the  precipitation  of  the  hardening  phase, 
CuMgA^,  on  the  matrix  slip  planes  (1). 

•  5)  In  comparing  these  micrographs  with  those  in  literature, 

(26, 5G),  for  2024,  one  may  observe  that  the  precipitates 
are  much  smaller  and  more  dispersed  in  the  2124  alloy. 

From  the  above  observations,  it  v/as  concluded  that: 

1)  The  test  material  is  typical  of  cold  rolled,  artificially 
aged  aluminum,  with  grains  flattened  in  the  thickness  direc¬ 
tion  and  elongated  in  the  rolling  direction. 

2)  The  reduction  in  size  and  density  of  distribution  of  the  large 
precipitate  particles  correlates  with  the  increased  fracture 
toughness  properties  found  for  the  2124  alloy. 

3)  Specimens  should  be  machined  from  the  midplane  so  as  to 
provide  the  most  uniform  microstructure  and  properties. 

4.6  Suraiary  of  Material  Characteristics 

In  summary,  the  material  used  in  this  investigation,  (2124-T851 


Figure  23 

-  •  Microstructure  of  2124-T851  Aluminum 
Near  Surface 

(Keller's  Etching  Reagent) 

(a)  R-orientation  50x 

(b)  W-orientation  50x 

(c)  T-orientation  50x 
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Figure  24 

Hicrostructure  of  2124-T851  Aluminum 
1/4-Deep 

(Keller's  Etching  Reagent) 

(a)  R-orientation  50x 

(b)  W-orientation  50x 

(c)  T-orientation 
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Figure  25 

Microstructure  of  2124-T851  Aluminum 
1/2-Deep 

(Keller's  Etching  Reagent) 

(a)  R-orientation  50x 

(b)  W-orientation  50x 

(c)  T-orientation  50x 


In  the  form  of  a  three  Inch  thick  plate),  meets  or  exceeds  all  pro¬ 
perty  specifications  which  were  evaluated  and  is  typical  of  heavily 
cold  worked,  solution  heat  treated  aluminum  alloys.  Furthermore, 
this  material  is  very  similar  to  the  more  widely  known  2024-T851  and 
has  similar  mechanical  properties  with  the  exception  of  fracture 
toughness  values  which  range  somewhat  higher  for  the  2124-T851.  Fi¬ 
nally,  the  material  may  be  susceptible  to  intergranular  corrosion  but 
should  show  a  high  resistance  to  stress  corrosion  cracking. 


5.0  EXPERIMENTAL  PROGRAM  AND  PROCEDURE 


Up  to  this  point  the  objectives  have  been  stated,  the  technical 
background  presented,  and  the  material  characterized.  This  chapter 
will  present  the  actual  research  conducted  in  order  that  the  initial 
objectives  might  be  met.  In  so  doing,  this  chapter  covers  all  aspects 
of  the  research  project,  from  the  planning  and  actual  testing  stages 
through  to  the  reduction  of  the  data  acquired. 


5.1  Experimental  Hypothesis 


The  hypothesis  suggested  for  this  investigation  consists  of  six 


parts; 


1)  Test  environment  will  alter  fatigue  crack  growth  rate  with 
the  brine  solution  resulting  in  higher  growth  rates. 

2)  A  brine  environment  will  accelerate  initiation  of  fatigue 
cracks  on  polished  2124-T851  aluminum  surfaces  and  thus  lower 
the  S~N  curve. 

3)  S-N  tests  of  2124-T851  aluminum  in  a  brine  solution  will  not 
show  a  fatigue  limit. 

4)  Pit  growth  can  effectively  be  monitored  using  a  photographic 

i 

system  which  is  described  later. 

5)  The  empirical  pitting  rate  equation 

a  =  Cjt173  (5) 

can  be  applied  to  pitting  under  fatigue  conditions. 

6)  Fatigue  crack  initiation  from  corrosion  pits  con  accurately 
be  predicted  by  modeling  the  pit  as  a  scmiel 1 iptical  surface 
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flaw  and  the  use  of  a  threshold  stress  intensity  determined 

# 

from  propagation  data. 

5.2  Test  Matrix 

The  test  matrix  followed  in  this  investigation  consisted  of  two 
parts.  The  first  part  consisted  of  crack  propagation  tests,  two 
tested  in  lab  air' and  two  tested  in  a  3.5%  sodium  chloride  solution. 

The  second  part  consisted  of  S-N  tests,  some  to  be  tested  in  lab  air, 
with  the  majority  to  be  tested. in  a  3.5%  sodium  chrloride  solution. 

Since  S-N  data  for  this  material  was  not  available  the  exact  num¬ 
ber  of  tests  of  this  type,  in  any  particular  environment  could  not  be 

• 

established  before  actual  testing  began.  Eighteen  specimens  were  avia! 
able  for  testing.  It  was  expected  that  three  to  four  tests  would  be  re 
quired  to  establish  the  lab  air  baseline  with  the  remainder  of  the  spe¬ 
cimens  available  for  salt  water  pitting  tests.  The  objective  was  to 
establish  a  cycles-to-failure  range  extending  from  around  twenty  thou¬ 
sand  cycles  to  runout  (four  million  cycles,  plus).  In  addition,  a  mini 
mum  of  five  salt  water  tests  were  to  be  tested  at  the  same  stress  level 
(that  level  corresponding  to  the  S-N  midrange).  Both  propagation  and 

I 

S-N  tests  were  to  be  conducted  under  sinusoidal  loading  (load  control) 
at  a  frequency  of  10  Hz  and  an  R-ratio  of  +0.1. 

5.3  Test  Equipment 

The  test  system  employed  for  the  fatigue  crack  growth  and  S-N 
experiments  used  MTS  Systems  Corporation  control  electronics  and  a 
load  frame  designed  and  constructed  at  the  University  of  Missouri- 


Columbia  (26).  A  schematic  representation  of  the  system  is  shown  in 
Figure  26.  Table  4  lists  the  components  of  the  system. 

The  operation  of  the  test  system  may  be  summarized  as  follows: 

1)  A  program  signal  is  produced  by  the  function  generator  and 
and  routed  to  the  406  controller. 

2)  The  program  signal  is  used  to  provide  a  drive  current  to 

•  the  servo  valve  on  the  actuator.  The  actuator  is  'slaved' 
to  the  servo-valve  and  thus  responds  to  movement  of  this 
valve. 

3)  A  signal  is  produced  by  the  load  cell  (for  load  control 
operation)  or  the  LVOT  (for  stroke  or  displacement  control 
operation).  This  so-called  feedback  siqnal  is  rrmt.pd  t-n 
the  406  controller. 

4)  The  feedback  signal  is  compared  to  the  program  signal  and 
any  deviation  results  in  the  addition  of  an  'error'  current 
to  the  program  current.  This  alters  the  servo-valve  drive 
current,  thus  completing  the  'loop'. 

5)  The  purpose  of  the  435  control  unit  is  simply  to  allow  re¬ 
mote  control  of  the  hydraulic  power  supply  and  the  function 
generator. 

6)  The  relative  magnitudes  of  the  load  and  stroke  signals  are 
displayed  on  the  digital  voltmeter. 

The  photographic  system  used  in  this  investigation  (used  for 
S-N  tests  only)  is  shown  schematically  in  Figure  27.  Essentially, 
the  system  amounts  to  a  pulsed  illumination  source  and  a  camera,  with 
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Figure  26:  Test  System  O’ock  Diagram 
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TABLE  4 

Test  System  Component  List 


Number 

Component  Description 

Model  or  Part  Number 

1 

Digital  Indicator 

MTS  Model  430 

2 

Controller 

MTS  Model  406 

3 

Control  Unit 

MTS  Model  436 

4  * 

Function  Generator 

MTS  Model  410 

5 

Hydraulic  Power  Supply 

See  Reference  (26) 

6 

Accumulator 

Greer  Model  A107-200 

.  7 

Accumulator 

Greer  Model  A108-200 

8 

Hand  Valve 

9 

Serve- Valve 

Hoog  5  gpm  Valve 

10 

Hydraulic  Actuator 

MTS  Model  204.62 
• 

11 

Load  Cell 

63 


Figure  27:  Block  Diagram  of  Camera  System 


both. synchronized  to  the  function  generator  program  signal.  A  de¬ 
tailed  explanation  of  the  camera  system  may  be  found  in  Reference  (26). 
The  only  major  modification  to  the  system  was  that  a  35  mm  SLR  camera 
was  attached  to  the  eyepiece.  This  allowed  for  single  35  mm  photo¬ 
graphs  to  be  taken  as  well  as  16  mm  movies  proving  the  diversity  of 
this  basic  test  system. 

Figure  28  is  a  schematic  of  the  optical  train,  while  Figures 
29,  30  and  31  show  different  views  of  the  camera  system.  Figure  32 
shows  the  complete  test  system  as  used  in  the  lab  air  tests.  Some 
changes  were  made  for  the  salt  water  tests  and  will  be  discussed 

below. 


me  cuv  i  runiiiuii  t  system  iur  cue  o-iV  tests  was  uesiuf.cu  to  pro¬ 
vide  a  continuously  flowing  corrosive  environment  while  effectively 
Isolating  the  specimen  from  possible  galvanic  corrosion  with  the 
grips  or  other  parts  of  the  test  system.  The  system,  shown  in  Figure 
33,  consists  of  a  sump  (1500  ml  beaker),  a  chamber  that  fits  around 
the  specimen,  and  a  pump  to  provide  the  constant  flow  of  corrosive 
fluid. 

The  environment  chambers  were  designed  to  fit  around  the  speci¬ 
men.  This  arrangement  effectively  contains  the  fluid,  eliminating 
the  problems  of  galvanic  corrosion  between  the  specimen  and  grips. 
Small  slots  were  cut  in  the  container  and  glass  plates  epoxyed  in 
these  slots.  These  'windows'  allowed  a  clear  view  of  the  specimen 
surface,  essential  to  this  photographic  technique.  Inlet  and  outlet 


ports  were  provided  on  each  side  of  the  chamber  (Figures  34  and  35). 
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Figure  28:  Optical  Train  Schematic  Diagram 


Figure  29:  Camera  System_ Component  Arrangement 


Figure  30:  Optical  Train  and  Camera 


Figure  31:  Camera  System  and  Hydraulic  Lift  Table 


Figure  32:  Load  Frame  and  Control  Electronics 


Figure  33:  Load  Frame  and  Environmental  System 
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Figure  34:  S-N  Specimen  Chamber  (Front) 


Figure  35:  S-N  Specimen  Chamber  (Back) 


Figure  36  shows  the  arrangement  of  specimen,  chamber,  and  grips. 

Only  those  tests  conducted  in  salt  water  had  the  environment  chamber 
attached.  However,  tests  on  the  chambers  effects  on  the  loading  of 
the  specimen  showed  it  to  have  negligible  effects. 

Crack  propagation  tests  did  not  include  the  photographic  system. 
The  air  tests  were  conducted  according  to  ASTM  Standard  E399-74  (57) 
with  the  crack  lengths  being  monitored  using  a  Gaertner  40X  traveling 
optical  micrometer.  The  crack  propagation  environmental  tank  was  con¬ 
structed  by  Poon  (25)  and  Panhuise  (24).  This  tank  was  constructed  of 
plexiglass  allowing  for  the  same  type  of  crack  growth  monitoring  as 
mentioned  for  the  air  tests. 

t>.4  Testing  Procedure  and  Duia  Acqu  is  i  I  ion 

Since  two  entirely  different  types  of  tests  were  conducted,  this 
section  will  be  divided  into  two  subsections.  The  first  subsection 
will  describe  the  testing  procedure  and  data  acquisition  for  the  pro¬ 
pagation  tests  while  the  second  will  describe  that  for  the  S-N  tests. 

5.4.1  Testing  Procedure  and  Data  Acquisition  For  FCG  Tests 

The  specimen  type  used  in  the  FCG  portion  of  this  investigation 
was  a  modified  WOL  specimen  (wedge  opening  loading)  of  the  Mode  I 
design  (crack  propagation  orthogonal  to  loading  direction)  with  a 
height-to-width  ration,  h/W,  of  0.406,  where  h  is  the  half  height  of 
the  specimen  and  W  is  the  distance  from  the  centerline  of  the  pin 
holes  to  the  edge  of  the  specimen  (Figure  37).  The  specimens  were 
machined  from  the  midplane  of  the  three- inch-thick  plate  and  were  in 
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3.200 


WOL  Specimen 


the  RW  orientation. 

Each  specimen  was  precracked  one  tenth  of  an  inch  or  more.  Both 
the  air  tests  and  the  salt  water  tests  were  then  tested  under  sine 
wave  loading  at  a  frequency  of  10  Hz  and  an  R-ratio  of  +0.1.  Data 
was  acquired  in  the  form  of  crack  length  and  number  of  loading  cycles. 

5.4.2  Testing  Procedure  and  Data  Acquisition  For  S-N  Tests 

Unhotched  axial  fatigue  specimens  were  used  for  the  S-N  tests. 
Figure  38  shows  the  specimen  geometry.  The  specimens  were  machined 
from  the  midplane  of  the  three  inch  plate  in  the  RR  orientation,  with 
the  specimen  thickness  in  the  same  direction  as  the  plate  thickness. 
The  stress  concentration  for  this  type  of  specimen  is  approximately 
1.0  (Neuter  theory  gives  the  stress  concentration,  r^s  as  Decween  1.0 
and  1.1  (54)).  Axial  tensile,  sine  wave  loading  was  applied  to  the 
specimens  at  a  frequency  of  10  Hz  and  an  R-ratio  of  +0.1. 

Prior  to  testing,  all  of  the  specimens  were  sanded  tc  a  600  car¬ 
bide  grit  quality  on  all  surfaces  (front  face,  back  face,  and  radii). 
Subsequent  to  the  sanding,  the  'front'  surface  was  polished  to  the 
nine  micron  aluminum  oxide  level  and  then  cleaned  with  ethyl  alcohol. 
Next,  the  back  surfaces  and  radii  were  completetly  covered  with  epoxy. 
The  front  surfaces  except  for  an  area  approximately  .25  by  .25  in. 
centered  at  the  point  of  maximum  stress  were  also  covered  with  epoxy. 
(This  was  done  to  isolate  the  area  of  pitting  attack  thus  aiding  the 
photographic  technique.) 

Two  types  of  data  v/cre  acquired  during  the  actual  testing 
1)  photographic  scans  of  the  pitted  surface  at  times  t^,  t^,  ... 
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Figure  38:  S-N  Specimen 


tf  (for  those  specimens  subjected  to  pitting  environment  only)  and 
2)  number  of  cycles  to  failure  at  a  given  load.  Subsequent  to  the 
actual  tests  the  photographic  scans  were  to  be  examined  to  determine 
1)  the  diameters  of  all  observable  pits  at  different  times  and  2)  pit 
diameter  at  first  observable  crack.  Also  fractographic  examination 
was  to  yield  the  (a)  and  (2c)  of  the  'fracture'  pit  providing  a  'charac¬ 
teristic'  geometry. 

5.5  Data  Reduction 

This  section  will  also  be  divided  into  two  subsections  for  the 
same  reason  as  before.  • 

5.5.!  Data  He  oven  or,  for  rCu  Tesla 

The  raw  a-N  data  are  used  to  calculate  values  for  da/dN  and  AK. 
These  values  are  obtained  from  the  following  equations: 


da 

dN 


‘i+l 


a,- 


NW  -  Ni 


;  where  i  =  0,  1,  .  ,  n 


'max  BW 


(a)l/2  (y  , 

a 


for  L/W  =  0.406 


Y.  *  30.96  -  195.8  (a/W)  +  730.6  (a/W)^ 

« 

-  1186.3  (a/W)3  +  754.6  (a/W)4 


(7) 


(8) 
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and 


* ■  w <’-R>  ...  ») 

where 

Pmax  =  the  maximum  load  applied 

B  =  specimen  thickness 

W  =  specimen  width 

a  «  crack  length 

R  *  stress  ratio  (cr.  /cr  ) 

‘inin  max' 

K  has  units  of  ksi/TrT  and  may  be  converted  to  MPavfn  by  multiplying 
K  by  1.09S855.  . 


Wclbull  curve  fits  (of  the  form  given  in  Equation  2}  to  the  com¬ 
bined  air  and  the  combined  salt  water  da/dN  -  tK.  data  are  determined 
numerically  on  a  computer.  With  the  k,  e,  v,  and  constants  evalu¬ 
ated,  the  threshold  stress  intensity  K  ,  determined  by  crack  growth 

eg 

tests  can  be  evaluated  from  Equation  3  which  is  reprinted  here: 


K0  •  Kb  (1  -  exp  (-  (^)k)l  (1-R)  (3) 

c9 

5.5.2  Data  Reduction  For  S-N  Tests 

For  the  S-N  fatigue  tests  the  stress  is  determined  as  the  maxi¬ 
mum  gross  cross-sectional  stress  without  stress  concentration  correc¬ 
tion.  This  is  done  by  dividing  the  maximum  load  (P  )  by  the  mini- 
mum  cross-sectional  area  (A1)  as  given  by: 


02 


(10) 


where  A'  =  minimum  width  times  thickness. 


From  an  SEM  examination  of  the  fracture  surface,  the  (a)  and  (2c) 
measurements  of  all  pits  which  initiate  cracks  and  are  in  the  frac¬ 
ture  plane  are  made.  From  these  measurements,  a/2c  ratios  are  cal¬ 
culated  for  each  pit.  This  provides  an  estimate  of  the  a/2c  ratio 
for  the  remainder  of  the  pits  on  that  specimen  (v/hen  there  are  more 
than  one  pit  on  the  fracture  plane  the  a/2c  ratios  are  averaged). 

Pit  diameters  (2c),  at  times  t-j,  t^,  ...  tn,  for  all  observable 
pits  (which  are  measured  from  the  photographic  scans  at  times  tj, 
t2,  ...  tn)  are  then  multiplied  by  that  particular  specimen's  'char¬ 
acteristic'  a/ 2  c  ratio.  This  results  in  an  estimated  pit  depth  (a) 
at  time  t  for  each  pit  on  the  surface  of  each  specimen. 

From  this  data  the  pitting  rate  constant  (C-j)  for  each  specimen 
can  be  calculated  from  the  following  equations: 


a. . 
iJ 

t  1/3 


(ID 


where 

a^j  *=  estimated  pit  depth  for  pit  i  at  time  tj 
tj  ■  time  to  photographic  scan 

n  *>  number  of  pits  on  the  particular  specimen's  surface 
m  ■  number  of  photographic  scans 
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This  results  In  pitting  rate  constants  (C^)  for  various  alter- 
nating  stress  levels.  Also  for  the  specimens  tested  at  the  same  load, 
variance  in  C-j  can  be  determined  (for  that  alternating  stress  level 
only)  from  the  standard  statistical  equation  for  variance. 

Finally,  the  validity  of  the  model  for  the  stress  in  a  pit  (semi¬ 
elliptical  surface  flaw)  is  evaluated  from  the  (a)  and  (2c)  measure¬ 
ments  made  by  examination  of  the  fracture  surfaces  in  the  SEM.  This 
Is  done  for  each  pit  observed  to  initiate  a  crack  in  two  ways.  First 
the  actual  pit  depth  (a  ),  the  actual  pit  diameter  (2C„),  and  the  max- 

a  a 

Imum  cross-section  gross  stress  C^max)  are  used  in  Equation  6,  which 
Is  reprinted  below: 


ofLv  na  M 
max 


1/2 


-  0.177 


ys 


(6) 


2 

where  M,  $  ,  and  0yS  are  as  described  before,  to  determine  a  calcu¬ 
lated  threshold  stress  intensity,  K  .  The  calculated  threshold 

°c 

stress  intensity  for  each  pit  is  then  compared  to  the  threshold  stress 
Intensity  determined  from  the  propagation  tests.  The  second  way  in 
which  the  validity  of  the  model  for  the  stress  in  a  pit  is  evaluated 
begins  by  determining  the  actual  a/2c  ratios.  Next  pit  depth  values 
are  calculated  from  Equation  13  (which  is  Equation  6  rearranged); 


cp 


-  0.177  M  (-2-)' 
_ gys 


o_,  m  M 
max 


(13) 
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where  a.  Is  the  pit  depth  calculated  using  actual  a/2c  ratios  and 

w 

K  **  t  M  Is  determined  from  actual  a/2c  ratios,  and  the  remainder  of 

cp 

the  terms  are  as  described  before. 

The  calculated  pit  diameter  values  (2c  )  result  from  dividing 

a  by  the  a/2c  ratio, 
c 


5.6  Fractography  Procedure 

The  fracture  surfaces  from  both  the  propagation  and  S-N  tests 
were  removed  from  each  test  specimen.  These  surfaces  were  prepared 
for  examination  in  a  scanning  electron  microscope  (SEM).  A  Bausch  and 
Lomb  SEM- I I  was  utilized  in  examining  these  fracture  surfaces. 

The  primary  effort  of  this  examination  was  to  correlate  frac- 


65 


I 


6.0  RESULTS  AND  DISCUSSION 

6.1  Results  and  Discussion  of  FGG  Tests 

A  total  of  four  fatigue-crack  growth  tests  were  conducted,  two 
In  lab  air  and  two  in  salt  water.  The  raw  data  was  obtained  and 
processed  as  described  in  Chapter  5.  The  raw  data  along  with  the 
processed  data  may  be  found  in  the  Appendix.  The  a-N  data  and  the  re¬ 
duced  da/dN  -  AK  data  for  each  test  are  plotted  in  Figures  39  through 
46.  Weibull  curve  fits  for  the  combined  tests  are  plotted  in  Figures 
47  and  48  along  with  their  respective  threshold  change  in  stress  in¬ 
tensity  values  AK  calculated  from  Equation  3.  Figure  49  compares 
°cp 

the  curve  fit  of  the  air  tests  to  that  of  the  salt  water  tests. 

In  comparing  the  curves  several  things  may  be  observed.  These 
observations  are  listed  below. 

1)  Both  curves  are  fitted  to  data  which  is. 'heavy'  in  the  low 
da/dN  range. 

2)  The  low  end  of  the  lab  air  curve  fit  appears  to  be  shifted 
to  the  right  of  the  actual  data. 

3)  The  instability  stress  intensities  (K^)  for  lab  air  and 
salt  water  are  separated  by  a  large  range  of  stress  in¬ 
tensity. 

4)  For  intermediate  values  of  da/dN  the  two  curves  are  approx¬ 
imately  equivalent  and  actually  cross  each  other. 

These  observations  are  interpreted  as  follows: 

1)  The  difference  Is  most  likely  a  result  of  the  lack  of 
high  end  data  rather  than  any  actual  difference  in  K^. 
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Figure  41:  a-N  Data,  Salt  Water  -  Test  3 
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Figure  46:  FCP  Data  Salt  Water 
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Figure  48:  FCP  Curve  Fit  -  Salt  Water 
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2)  The  K  difference  between  the  two  environments  Is  suspect 

cp 

because  of  the  seemingly  poor  curve  fit  for  the  lab  air  low 
end  data. 

3)  The  above  two  interpretations  (along  with  the  fact  that  the 
intermediate  portion  of  the  da/dN  curves  are  approximately 
equivalent)  indicate  that  the  crack  growth  curves  for  the 
four  tests  are  not- detectably  different  from  one  environment 
to  another. 

This  at  first  seems  inconsistent  with  reported  results  (Chapter 
3)  indicating  that  salt  water  environments  increase  crack  propagation 
rates  over  lab  air  base  line  crack  propagation  rates.  However,  if 
one  considers  the  frequency  effects  on  corrosion  fatigue.  ?bove 
similarity  in  da/dN  curves  could  be  explained  by  assuming  that  the 
10  Hz  test  frequency  did  not  allow  time  for  the  corrosion  effects  to 
occur.  Another  possible  reason  for  this  apparent  inconsistency  would 
be  that  the  test  procedure  biased  the  data  somehow.  The  author  has 
no  reason  to  suspect  this. 

6.2  Results  and  Discussion  of  S-N  Tests 

This  section  is  divided  into  four  separate  parts  each  of  which 
center  upon  one  particular  aspect  of  the  data  generated  from  the 
S-N  tests. 

6.2.1  Results  and  Discussion  of  S-N  Data 

A  total  of  two  air  and  twelve  salt  water  S-N  tests  provided 
useable  data.  The  base  data  are  listed  in  Table  5  where  they  are  also 
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S-N  DATA  ANC  REDUCTION 
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reduced  according  to  the  method  described  in  Chapter  5.  A  plot  of 
the  S-N  data  Is  presented  in  figure  50.  While  there  was  not  enough 
data  generated  to  statistically  determine  relationships,  two  basic  ob¬ 
servations  can  be  made.  The  first  observation  is  the  obvious  degra¬ 
dation  of  the  fatigue  life  of  those  specimens  tested  in  salt  water. 

The  second  observation  is  that  the  salt  water  S-N  curve  appears  to 
reach  runout.  * 

The  first  observation  was  expected,  however  there  are  two  inter¬ 
esting  things  that  should  be  noted.  The  first  is  the  severity  in  the 
degradation  of  fatigue  life  (the  approximate  endurance  limits  for  lab 
air  and  salt  water  environments  are  35  and  10  ksi  respectively,  while 
at  a  stress  level  of  35  ksi  the  salt  water  test  failed  after  43.6 
Kilocycles  while  the  lab  air  test  did  not  fail  even  after  4,500.0 
kilocycles).  The  second  interesting  thing  to  note  is  that,  in  light 
of  the  observations  made  concerning  the  similarity  in  the  fatigue- 
crack  propagation  curves,  the  degradation  in  the  fatigue  life  can  be 
attributed  almost  entirely  to  the  initiation  stage. 

The  second  observation  (an  endurance  limit  in  the  pitting  environ¬ 
ment)  was  not  expected.  This  result  might  be  explained  in  one  of  two 
ways.  First  it  is  possible  that  pit  growth  did  not  occur  or  that  it 
stopped  before  a  large  enough  pit  size  was  reached  to  initiate  a 
fatigue  crack.  The  second  way  this  might  be  explained  is  that  the 
tests  were  simply  discontinued  too  early  and  that  failure  would  have 
eventually  occurred. 
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Figure  50:  S-N  Deta 


6.2.2  Results  and  Discussion  of  Pit  Growth  Analysis 
(Photographic  Technique) 

The  analysis  of  pit  growth  was  not  accomplished  because  the 
photographic  technique  employed  failed.  The  photographic  technique 
failed  for  two  reasons.  The  first  reason  was  that  the  reactions  at 
the  corrosion  pits  produced  gaseous  bubbles  which  adhered  to  the  spe¬ 
cimen’s  surface  and  effectively  covered  the  pits  from  view.  Photo¬ 
graphs  of  a  specimen  surface  during  testing  are  shown  in  Figures 
51  and  52.  The  second  reason  the  photographic  technique  failed  is 
that  the  corrosion  pits  were  'closed  corrosion  pits'.  Closed  corro¬ 
sion  pits  in  this  case  means  that  the  advancing  surface  of  the  pit 
cannot  be  seen  because  of  the  oxide  and  other  debris  which  fill  and 
cover  the  pits.  Figure  53  is  an  SEM  photograph  illustrating  the  cover- 
1r«y  oi  Luc  pits. 

It  must  be  stressed  that  this  technique  only  failed  on  this  ma¬ 
terial  and  only  under  the  specific  environmental  conditions  and  specific 
surface  preparation  previously  described.  This  technique  has  been  ef¬ 
fectively  used  upon  another  material  (14). 

6.2.3  Results  and  Discussion  of  Fatigue  Loaded  Pit  Geometry 

The  SEM  was  used  to  examine  the  fracture  surfaces  of  the  S-N  spe¬ 
cimens  tested  in  salt  water.  One  result  of  this  examination  was  to 
enable  the  determination  of  all  pit  widths  and  depths  which  initiated 
cracks  in  each  specimen's  fracture  plane  (in  some  specimens  more  than 
one  crack  was  initiated).  The  measurements  made  are  illustrated  in 
Figures  54  through  56,  and  are  listed  along  with  various  values 
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Figure  51:  Bubbles  Obscuring  Pits  During  Testing  (16X) 


Figure  52:  Specimen  With  Corrosion  Debris  and  Bubbles 
Near  End  of  Test  (16X) 
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Figure  53:  Pit  Size  Obscured  by  Corrosion  Debris 

*  (a)  Fracture  Plane  (150X) 

(b)  Pitted  Surface  (100X) 
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Figure  54:  Example  of  Pit  Dimension  Measurements 


(ay  Fracture  Plane  (400X) 
(Pit  Depth) 

(b)  Pitted  Surface  (400X) 
(Pit  Width) 


Figure  55:  Example  of  Pit  Dimension  Measurements 


(a)  Fracture  Plane  (003X) 
(Pit  Depth) 

(b)  Pitted  Surface  (200X) 
(Pit  Width) 


Figure  56:  Example  of  Pit  Dimension  Measurements 


(a)  Fracture  Plane  (500X) 
(Pit  Depth) 

(b)  Pitted  Surface  (300X) 
(Pit  Width) 
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calculated  from  them  in  Table  6. 

* 

The  actual  pit  depths  for  crack  initiation  are  plotted  against 
the  specimen's  maximum  alternating  stress  in  Figure  57.  This  plot 
reveals  decreasing  pit  depths  with  increasing  maximum  alternating 
stress.  Tuis  would  be  expected  since  the  stress  intensity  is  directly 
proportional  to  both  the  nominal  stress  (g)  and  the  flaw  length  (a) 
and  therefore  theoretically  the  flaw  length  will  decrease  with  in¬ 
creasing  nominal  stress. 

Another,  and  perhaps,  more  interesting  result  may  be  found  in 
Figure  58.  This  figure  is  a  plot  of  the  a/2c  ratio  for  each  pit 
which  initiated  a  crack  against  the  maximum  alternating  stress.  While 
there  is  not  enough  data  to  actually  say,  it  does  appear  that  a  pit's 
a/2c  ratio  increases  with  increasing  maximum  alternating  stress.  If 
this  relationship  is  indeed  true,  it  would  have  a  significant  impact 
upon  the  life  prediction  of  a  pitted  structure  due  to  the  a/2c  effect 
upon  the  stress  intensity. 

6.2.4  Results  and  Discussion  of  the  Semielliptical  Surface  Flaw 
Model  of  a  Pit 

Using  the  pit  dimensions  measured  with  the  SEM,  the  data  reduc¬ 
tion  methods  described  in  Chapter  5  were  used  to  calculate  1)  the 
threshold  stress  intensity  for  the  actual  pits  and  2)  the  pit  depths 
and  diameters  based  upon  the  threshold  stress  intensity  from  the  FCP 

curves  (K  =  3.20  ksi/Tn)  and  the  actual  a/2c  ratios.  The  base  data 
cp 

and  the  reduced  data  can  again  be  found  in  Table  6. 

Figure  59  relates  the  calculated  threshold  stress  intensity  from 
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PIT  DIMENSIONS  AND  CALCULATIONS  FOR  FATIGUE  CRACK  INITIATION 
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ACTUAL  PIT  DEPTH  VS  NOMINAL  STRESS 


Figure  57:  Pit  Depth  -  Maxlnum  Stress  Correlation 


A/2C  VS  MAXIMUM  STRESS 


oz/v 


Figure  58:  Pit  Geometry  -  Maximum  Stress  Correlation 


CALCULATED  K„  VS  MAXIMUM  STRESS 


ntensity  -  Maximum  Stress  Correlation 


actual  pit  dimensions  to  the  maximum  alternating  stress.  From  the 

figure  it  may  be  observed  that  all  of  the  calculated  threshold  values 

fall  below  the  threshold  values  predicted  from  the  FCP  threshold  (K  ) 

°CP 

of  3.0  ksi/Tn.  However,  it  may  also  be  observed  that  as  the  maximum 
alternating  stress  increases,  the  calculated  increases  which  in  ef¬ 

fect  reduces  difference  between  calculated  K  and  . 

0  o__ 

cp 

Because  of  the  pit's  three  dimensionality,  theory  would  predict 

the  threshold  stress  intensity  calculated  from  the  actual  pits  to  be 

greater  than  or  equal  to  K  (i.e.  actual  pit  dimensions  should  be 

cp 

greater  than  those  calculated  from  K  ).  Since  the  exact  opposite 

°cp 

occurred  (actual  pit  dimensions  were  less  than  those  calculated  from 

Krt  (Figures  60  and  61)),  the  validity  of  Kn  comes  into  serious 
*cp  cp 

doubt.  K  could  be  incorrect  for  two  reasons.  First  there  is  pos- 
cp 

sibly  not  enough  data  to  accurately  predict  it.  Secondly  K  evalu- 

cp 

ated  by  this  method  may  not  accurately  predict  the  threshold  stress 
Intensity. 


6.3  Results  and  Discussion  of  Fractographic  Examination 

Fractographic  examination  of  both  the  crack  growth  and  S-N  speci¬ 
mens  resulted  in  the  fractographs  presented  in  Figures  62  through  74. 
The  fractographs  for  the  air  crack  growth  specimen  (Figures  62  through 
65)  and  the  salt  water  crack  growth  specimen  (Figures  66  through  68) 
illustrate  the  changes  in  fracture  mode  as  AK  increases.  As  may  be 
observed  both  specimens  show  the  same  transitions  in  fracture  mode  as 
AK  increases.  (The  salt  water  specimen's  fractographs  actually  appear 
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ACTUAL  VS.  CALCULATED  PIT  DEPTHS 


Figure  60:  Actual  -  Calculated  Pit  Depth  Comparison  • 


PIT  DEPTH  RATIC  VS.  MAXIMUM  STRESS 
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Figure  61:  Pit  Depth  Ratio  -  Maximum  Stress  Correlation 
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Figure  62: 


Figure  63: 


FRACTOGRAPHY 

FOR 

CRACK  PROPAGATION  SPECIMEN 
AIR  TESTS 


Typical  Fracture  Surface  In  Low  AK  Region 
AK  4  ksi/fn 

(Flat  cleavage  with  cleavage  steps  parallel  to 
advancing  crack  front) 

?nnv 

(Arrow  Indicates  Direction  of  Crack  Propagation) 


Typical  Fracture  Surface  In  Lov/er  Intermediate 
AK  Region 
AK  7  ksi/TiT 

(Transition  between  cleavage  with  steps  parallel 
to  advancing  crack  front  and  cleavage  with  steps 
perpendicular  to  advancing  crack  front) 

200x 
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figure  64: 


Figure  65: 


FRACTOGRAPHY 

FOR 

JCRACK  propagation  specimen 
AIR  TESTS 


Typical  Fracture  Surface  In  Intermediate 
AK  Region 
AK  9.5  ksi/Tn 

(Flat  cleavage  fracture  with  cleavage  steps 
perpendicular  to  the' advancing  crack  front) 
200x 


Typical  Fracture  Surface  In  High  AK  Region 
AK  20  ksi/Tn 
(Ductile  tearing) 

200x 
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FRACTOGRAPHY 

FOR 


CRACK  PROPAGATION  SPECIMEN 
SALT  WATER  TESTS 


Figure  66:  Typical  Fracture  Surface  In  Lower  Intermediate 
AK  Region 
AK  5.5  ksi/fn 

(Transition  between  cleavage  with  steps  parallel 
to  advancing  crack  front  and  cleavage  with  steps 
perpendicular  to  advancing  crack  front) 

200 x 


Figure  67:  Typical  Fracture  Surface  In  Intermediate 
,  AK  Region 

AK  10.5  ksi/Tn 

(Flat  claevage  fracture  with  cleavage  steps 
perpendicular  to  the  advancing  crack  front) 


fractography 

FOR  r" 

-CRAOC-:PROPAGATION  SPECIMEN 
SALT  V'ATER  TESTS--- • 


Figure  68:  Typical  Fracture  Surface  In' High  AK  Region 
AK_  24;ksi/7n 
(Ductile  tearing) 

200x  . 
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Figure  69: 


Figure  70: 


FRACTOGRAPHY 

FOR 

S-N  SPECIMEN 
AIR  TESTS 


Fracture  Surface  Near  The  Initiation  Point 
200x 


Fracture  Surface  Away  From  the  Initiation  Point 

100x 
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Figure  73: 


Figure  74: 


FRACTOGRAPHY 
•  FOR 

'  S-N  SPECIMEN 


Striations  On  Air  Specimen  At  Cleavage 
Ductile  Tearing  Transition 

-5 

Striation  Spacing  9.5  x  10  in 
1300x 


Striations  On  Salt  Water  Specimen  At 
Cleavage-Ductile  Tearing  Transition 
Striation  Spacing  1.02  x  10"^ 


1300x 


rougher  than  those  of  the  air  specimen's,  however  this  is  attributable 
to  the  corrosion  of  the  fracture  surface  being  exposed  to  the  corro¬ 
sive  environment  for  an  extensive  period  of  time  and  not  a  difference 
in  fracture  mode.)  Cleavage  fracture  with  cleavage  steps  parallel  to 
the  advancing  crack  front  was  observed  at  low  AK  values.  Cleavage 
fracture  with  cleavage  steps  generally  perpendicular  to  the  advancing 
crack  front  was  observed  in  the  intermediate  AK  range.  Primarily 
ductile  tearing  was  observed  at  high  AK  levels.  Fatigue  striations 
were  not  observed  on  any  of  the  crack  propagation  specimens. 

Figures  69  and  70  illustrates  -typical  fracture  areas  of  the  air 
S-N  tests  while  Figures  71  and  72  do  the  same  for  the  salt  water  tests. 
The  air  and  the  salt  water  S-N  fracture  surfaces  were  extremely  simi¬ 
lar  to  each  other.  In  Figures  73  and  74  are  fractographs  of  two  stria- 
tion  areas  which  were  observed.  These  were  found  near  the  cleavage- 

ductile. tearing  transition  and  thus  at  relatively  high  AK  levels.  The 

-5 

striations  spacing  indicates  da/dN  rates  of  approximately  9.6  x  10  . 

This  da/dN  rate  on  the  crack  propagation  curves  is  the  approximate 
transition  between  Region  II  and  Region  III  of  the  fatigue-crack  growth 
curves.  This  indicates  that  the  change  in  slope  of  the  da/dN  curve 
from  Region  II  to  Region  III  is  attributable  to  a  fracture  mode  change. 

In  comparing  the  fracture  surfaces  of  the  S-N  specimens  to  those 
from  the  propagation  specimens  it  was  observed  that  they  were  surprising¬ 
ly  similar  (considering  that  the  stress  intensity  gradient  is  much 
higher  for  the  S-N  specimens)  with  the  areas  near  the  crack  initiation 
points  (S-N  specimens)  corresponding  to  the  intermediate  AK  ranges 
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(crack  propagation  specimens). 


■  I 

7.0  CONCLUSIONS 

* 

The  following  conclusions  about  the  test  hypothesis  can  be  drawn 
from  the  experimental  results: 

1)  The  fatigue-crack  growth  rate  of  2124-T851  aluminum  (under 
the  given  test  conditions)  is  essentially  unaffected  when 
the  environment  is  changed  from  lab  air  to  3.5%  sodium 

•  chloride  solution. 

2)  A  3.5%  sodium  chloride  solution  (as  opposed  to  a  lab  air 
environment)  accelerates  the  initiation  of  fatigue  cracks 
In  the  material  investigated  by  a  'significant'  amount. 

(This  'sianificant'  amount  is  indicated  bv  a  drop  in  the 
endurance  limit  of  approximately  40%  yield  strength.) 

3)  An  endurance  limit  appeared  to  be  reached  for  the  test 
material  when  subjected  to  a  3.5%  sodium  chloride  solution. 

4)  Pit  growth  in  the  test  material  could  not  be  effectively 
monitored  by  the  photographic  technique  employed  because 
bubbles  and  corrosion  debris  effectively  covered  them. 

5)  Since  the  pit  growth  could  not  be  monitored,  empirical 
pitting  rates  could  not  be  evaluated. 

6)  Fatigue  crack  initiation  from  corrosion  pits  was  poorly 
predicted  by  a  threshold  stress  intensity  determined  from 
propagation  data. 

In  addition,  the  following  observations  resulted  from  the  work  pre¬ 
sented: 
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1)  Pit  size  at  Initiation  appears  to  decrease  with  increasing 
maximum  alternating  stress  level  as  would  be  expected. 

2)  A  pit's  a/2c  ratio  appears  to  be  a  function  of  maximum 
stress  level  (amax)»  with  an  increase  in  amax  resulting 
In  an  increase  in  the  a /2c  ratio. 


138 


8.0  RECOMMENDATIONS 


The  following  is  a  list  of  recommendations  for  further  study  and 
experimentation.  It  is  based  on  the  results  of  this  investigation  and 
includes  aspects  of  this  investigation  that  could  be  improved. 

1)  Conduct  more  fatigue-crack  growth  tests  to  better  evaluate 

the  FCP  curve,  expecially  K  . 

cp 

2/  Determine,  by  any  method,  pit  growth  rates  under  fatigue 
loading  so  that  accurate  life  predictions  can  be  made. 

3)  Pitting  upon  cyclicly  loaded  materials  should  be  studied 
on  specimens  with  a  much  larger  surface  area  so  as  to 
take  into  account  the  area  dependence  of  pitting. 

4}  Analysis  of  pit  initiation  under  cyclic  loading  should  be 
conducted  in  the  form  of  more  tests  and  examination  of  the 
pitted  surfaces. 

5)  Chemical  and  electrochemical  conditions  should  be  closely 
monitored  and  controlled  in  future  tests. 

6)  A  three  dimensional  method  should  be  developed  for  evaluating 
the  stress  at  a  pit. 

7)  The  stress-a/2c  relationship  should  be  further  investigated. 
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Fatigue  Crack  Growth  Reduced  Data 
Specimen  AF4 
2124-T851  Aluminum 
Sine  Wave 

Crack  Length  =  .5013  +  a' 

Frequency  =  10  Hz 

R  =  +0.1 

3.5*  Na Cl  Solution  Environment 


W,bs-> 

a‘(1n.) 

N(kilocycles) 

da/dN 

(in. /cycle) 

K(ksi/Tn. ) 

1200 

d.  0996 

- 0  - 

-  -  0.0 

«... 

1200 

0.1109 

50 

2.260  E-7 

4.07 

1200 

0.1287 

100 

3.560  E-7 

4.11 

1200 

0.1375  • 

150 

1.760  E-7 

4.13 

1200 

0.1505 

200 

2.600  E-7 

4.17 

1200 

0.1626 

250 

2.420  E-7 

4.20 

1200 

0.1731 

300 

2.100  E-7 

4.23 

1200 

0.1963 

350 

4.640  E-7 

4.30 

1200 

0.2106 

400 

2.860  E-7 

4.34 

1200 

0.2138 

450 

6.400  E-8 

4.35 

i?00 

n  2^55 

500 

a  -s/n  r_7 

A  AC. 

1200 

0.2632 

550 

3.540  E-7 

4.51 

1200 

0.2848 

600 

4.320  E-7 

4.59 

1200 

0.2958 

650 

2.200  E-7 

4.63 

1200 

0.3170 

700 

4.240  E-7 

4.71 

1200 

0.3461 

750 

5.820  E-7 

4.82 

1200 

0.3761 

800 

6.000  E-7 

4.95 

1200 

0.3909 

850 

2.960  E-7 

5.01 

1200 

0.4088 

900 

3.580  E-7 

5.09 

1200 

0.4436 

950 

6.960  E-7 

5.24 

1200 

0.4659 

1000 

4.460  E-7 

5.34 

1200 

0.4795 

1050 

2.720  E-7 

5.40 
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Fatigue  Crack  Growth  Reduced  Data 
Specimen  AF3 
2124-T851  Aluminum 
Sine  Wave 

Crack  Length  =  .5021  +  a' 

""  Frequency  =  10  Hz  ' 

R  c  +0.1 

3.5S  NaCl  Solut  ion  Environment 


Wlbs‘) 


1000 

1000 

1000 

1000 

1000 

1100 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

1200 

•1200 

1200 

1200 

1200 

1200 

1200 

1200 


a* (in. } 

N(kilocycles) 

da/dN 

K(ksi/m. 

(in. /cycle) 

.  0.1345 

0 

0.0 

0.1374 

40 

7.250 

E-8 

3.44 

0.1412  ■ 

80 

9.499 

E-8 

3.45 

0.1430 

120 

4.500 

E-8 

3.46 

0.1484 

160 

1.350 

E-7 

3.47 

0.1683 

200 

4.975 

E-7 

3.51 

0.1782 

240 

2.475 

E-7 

3.89 

0.1831 

280 

1.225 

E-7 

4.26 

0.1949 

320 

2.950 

E-7 

4.29 

0.2065 

360 

2.900 

F-7 

4.99 

0.2124 

a  nn 
•tuv/ 

1.475 

r*  *r 

c  -  / 

•  r* 

H.  JD 

0.2285 

440 

4.025 

E-7 

4.40 

0.2887 

540 

6.020 

E-7 

4.61 

0.3367 

.640 

4.800 

E-7 

4.79 

0.3740 

690 

7.460 

E-7 

4.94 

0.4047 

740 

6.140 

E-7 

5.07 

0.4289 

790 

4.840 

E-7 

5.18 

0.4796 

840 

1.014 

E-6 

5.41 

0.5285 

890 

9.780 

E-7 

5.65 

0.5793 

940 

1.016 

E-6 

5.90 

0.6320 

990 

1.054 

E-6 

6.18 

0.7087 

1040 

1.534 

E-6 

6.63 

0.8373 

1090 

2.572 

E-6 

7.54 

i  0.9264 

1120 

2.970 

E-6 

8.36 

1.0745 

1150 

4.936 

E-6 

10.28 

1.2078 

1160 

1.333 

E-5 

12.94 

1.2411 

1164 

8.324 

E-6 

13.80 

1.2919 

1166 

2.495 

E-5 

15.27 

1.4971 

1167 

2.061 

E-4 

24.28 
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Specimen  AF2  (con't) 


Wbs-> 

a'(1n.) 

N(kilocycles) 

800 

1.0598 

3620 

800 

.  1.0798 

3640 

800 

1.1027 

3660 

800 

1.1327 

3680 

800 

1.1537 

3690 

800 

1.1753 

3700 

-  800 

1-.1901 

■  '  3705 

800  . 

1.2026 

3710 

800 

1.2186 

3715 

800 

1.2332 

3720 

800 

1.2508  ■ 

3725 

800 

1.2721 

3730 

800 

1.2999 

3735 

800 

1.3320 

3740 

800 

1.3454 

3742 

800 

1.3589 

3744 

800 

1.3792 

3746 

a.in 

1.4032 

274  ° 

600 

114305 

3750 

800 

1.4667 

3752 

800 

1.4918 

3753 

800 

1.5216 

3754 

800 

1.5578 

3754.5 

800 

1.5677 

3754.7 

800 

1.5971 

3754.9 

da/dN 

Te) 

K(ksi/in.) 

(In. /eye 

8.149 

E-07 

6.63 

1.000 

E-06 

6.64 

1.144 

E-06 

7.09 

1.500 

E-06 

7.46 

2.100 

E-06 

7.73 

2.160 

E-06 

8.03 

“  2.960 

E-06 

8.25 

2.299 

E-6 

8.43 

3.400 

E-6 

8.79 

2.920 

E-6 

8.95 

3.520 

E-6 

9.27 

4.260 

E-6 

9.67 

5.559 

E-6 

10.24 

6.420 

E-6 

10.96 

6.700 

E-6 

11.28 

6.749 

E-6 

11.61 

1.015 

E-5 

12.15 

5  1  r\r\ 

JL  1  1  «/  .' 

r*  r 

L*- V 

i  *■>  ^ 

j  e  a*  r 

1.365 

E-5 

^  ^ 

13.64 

1.810 

E-5 

14.84 

2.509 

E-5 

15.74 

3.980 

E-5 

17.31 

5.239 

E-5 

18.44 

4.974 

E-5 

18.89 

1.470 

E-4 

20.29 
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Fatigue  Crack  Growth  Reduced  Data 
Specimen  AF2 
2124-T851  Aluminum 
Sine  Wave 

_  Crack  Length  -  .500  +  a 

Frequency  =  10  Hz 
R  =  40.1 

Lab  Air  Environment 


Wlbs’} 


a*(in.)  N(kilocycles) 


800  . 
800 
800 
800 
800 
800 
800 
'800 
8C0 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 


0.4317 

0.4345 

0.4379 

0.4450  • 

0.4538 

0.4619 

0.4691 

0.4803 

0.4904 

0.5015 

n 

v  V  •  V 

0.5184 

0.5252 

0.5296 

0.5486 

0.5565 

0.5745 

0.6004 

0.6071 

0.6225 

0.6360 

0,6546 

0.6714 

0.6902 

0.7059 

0.7201 

0.7333 

0.7481 

0.7636 

0.7807 

0.8005 

0.8233 

0.8400 

0.8716 

0.9047 

0.9239 

0.9416 


0 

50 

100 

200 

300 

400 

500 

600 

700 

800 

5GG 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

1900 

2000 

2100 

2200 

2300 

2400 

2500 

2600 

2700 

2800 

2900 

3000 

3100 

3200 

3300 

3350 

3400 


da/dN 

fin. /cycle) 

0.0 

5.600  E-08 
6.799. E-08 
7.100 'E-08 

8.800  E-08 
8.100  E-08 
7.200  E-08 
1.120  E-07 
1.010  E-07 
1.110  E-07 

t\  nr\n  c  AO 

V*  WV  *- 

8.900  E-U8 

6.800  E-08 
1.440  E-07 

-  9.000  E-08 

7.900  E-08 

1.800  E-07 
2.590  E-07 
6.700  E-08 
1.540  E-07 

1.350  E-07 
1.860  E-07 
1.680  E-07 
1.880  E-07 
1.570  E-07 
1.420  E-07 
1.320  E-07 

1.480  E-07 
1.550  E-07 
1.710  E-07 
1.980  E-07 
2.280  E-07 

2.350  E-07 

2.480  E-07 
3.310  E-07 
3.840  E-07 
3.540  E-07 


K(ksi  /m) 


3.45 

3.46 
3.48 
3.51 
3.53 
3.55 
3.59 
3.62 
3.65 

3.71 

3.37 

3.78 

3.81 

3.83 

3.89 

3.98 

4.01 

4.06 

4.11 

4.18 
4.24 
4.32 
4.38 
4.44 

4.50 
4.56 

4.63 
4.71 
4.80 
4.92 
5.04 

5.18 
5.30 

5.51 

5.63 


Specimen  AF1  (con't) 


W,bs-> 

a'(1n.) 

N(kilocycles) 

da/dN 

(in. /cycle) 

Kfksi/iTr.) 

1000 

1.2234 

3895 

8.400  E-6 

10.89 

1000 

1.2270 

3895.5 

7.200  E-6 

10.97 

1000 

1.2325 

3896 

1.100  E-5 

11.03 

1000 

1.2371 

3896.5 

9.203  E-6 

11.18 

1000 

1.2407 

3897 

7.200  E-6 

11.26 

1000 

1.2440 

3897.5 

6.597  E-6 

11.33 

1000 

1.2486 

3898 

9.199  E-6 

11.43 

1000  . 

1.2510 

3898.5 

4.800  E-6 

11.49 

1000 

1.2554 

3899 

8.02  E-6 

11.59 

1000 

1.2585 

3899.5 

6.197  E-6 

11.66 

1000 

1.2703 

3900 

2.360  E-5 

11.94 

1000 

1.2745 

3900.5 

3.400  E-6 

12.04 

1000 

1.2834 

3901 

1.779  E-5 

12.26 

1000 

1.2895 

3901.5 

1.219  E-5 

12.41 

1000 

1.2950 

3902 

1.100  E-5 

12.55 

1000 

1.3039 

3902.5 

1.780  E-5 

12.79 

1000 

1.3114 

3903 

1.499  E-5 

12.99 

1000 

1.3164 

3903.5 

i.nnn  f-«; 

V* 

1000 

1.3234 

3904 

1  *e\r s  *■* 

X.HUU  C-3 

13.31 

1666 

1.3366 

3904.5 

2.639  E-5 

13.78 

1000 

1.3434 

3905 

1.359  E-5 

13.90 

1000 

1.3529 

3905.5 

1.900  E-5 

14.19 

1000 

1.3667 

3906 

2.759  E-5 

14.63 

1000 

1.3732 

3906.5 

1.300  E-5 

14.84 

1000 

1.3796 

3907 

1.280  E-5 

15.05 

1000 

1.3974 

3907.5 

3.560  E-5 

15.66 

1000 

1.4165 

3908 

3.819  E-5 

16.35 

1000 

1.4326 

3908.5 

3.220  E-5 

16.96 

1000 

1.4507 

3909 

3.620  E-5 

17.69 

1000 

1.4922 

3909.5 

8.300  E-5 

19.49 

1000 

1.5401 

3910 

9.579  E-5 

21.85 

140 
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Specimen  AFT  (con't) 


W,bs-> 

a'(1n.) 

N(kllocycles) 

da/dN 

(In. /cycle) 

K(ks1/uT 

1000 

0.3373 

1740 

1.51 

E-7 

3.96 

1000 

0.3434 

1840 

.  5.60 

E-8 

3.98 

1000 

0.3642 

1940 

2.08 

E-7 

4.05 

1000 

0.3818 

2040 

1.76 

E-7 

4.11 

1000 

0.3926 

2140 

1.08 

E-7 

4.15 

1000 

0.4082 

2240 

1.56 

E-7 

4.20 

1000 

0,4315 

2340 

2.33 

E-7 

4.29 

1000- 

0.4526 

2440 

2.11 

E-7 

4.37 

1000 

0.4873 

2540 

3.47 

E-7 

4.50 

1000 

0.5062 

2650 

1.89 

E-7 

4.57 

1000 

.  0.5419 

2740 

3.57 

E-7 

4.72 

1000 

*  0.5720 

2840 

3.010 

E-7 

4.64 

1000 

0.6038 

2940 

3.180 

E-7 

4.98 

1000 

0.6248 

3040 

2.100 

E-7 

5.07 

-1000 

0.6310 

3090 

1.240 

E-7 

5.10 

1000 

0.6541 

3140 

4.620 

E-7 

5.21 

1000 

0.6627 

3l90 

1.72 

E-7 

5.25 

1UUU 

U.6895 

3290 

2.680 

K- / 

1000 

0.7190 

3390 

2.950 

E-7 

5.32 

1000 

0.7537 

3490 

3.470 

E-7 

5.71 

1000 

0.7940 

'  3590. 

■  4.120 

E-7 

5.95 

1000 

0.8453 

3690 

5.040 

E-7 

6.27 

1000 

0.8968 

3740 

1.030 

E-6 

6.64 

1000 

0.9176 

3760 

1.040 

E-6 

6.80 

1000 

0.9315 

3780 

6.950 

E-7 

6.92 

1000 

0.9545 

3800 

1.150 

E-6 

7.12 

1000 

0.9773 

3820 

1.140 

E-6 

7.33 

1000 

1.0281 

3840 

2.539 

E-6 

7.86 

1000 

1.0722 

3860 

2.205 

E-6 

8.39 

1000 

1.1072 

3870 

3.500 

E-6 

8.87 

1000 

'•  1.1181 

3873 

3.632 

E-6 

9.03 

1000 

1.1260 

3876 

2.633 

E-6 

9.15 

1000 

1.1392 

3879 

4.399 

E-6 

9.36 

1000 

1,1493 

3882 

3.367 

E-6 

9.52 

1000 

1.1665 

3885 

5.732 

E-6 

9.81 

1000 

1.1844 

3888 

5.967 

E-6 

10.13 

1000 

1.1879 

3889 

3.500 

E-6 

10.19 

1000 

1.1935 

2890 

5.600 

E-6 

10.30 

1000 

1.1978 

3891 

4.300 

E-6 

10.38 

1000 

1.2043 

3892 

6.500 

E-6 

10.51 

1000 

1.2089 

3893 

4.598 

E-6 

10.60 

1000 

1.2162 

3894 

7.301 

E-6 

10.74 

1000 

1.2192 

3894.5 

5.996 

E-6 

10.80 

147 


w 


•t 


fatigue  Crack  Growth  Reduced  Data 

Specimen  AF1 

2124-T851  Aluminum 

Sine  Wave 

Crack  Length  =  .496  +  a* 

Frequency  =  10  Hz 

R  =  +0.1 

Lab  Air  Environment 

(lbs.)  a'(in.)  N(kilocycles) 

BA 

da/dN 

(in. /cycle) 

K(ksi/in. ) 

1000 

0.1269 

0 

0.0 

1000 

0.1282 

20 

6.50 

E-8 

3.40 

1000  . 

0.1437 

120 

1.55 

E-7 

3.44 

1000 

0.1502 

160 

1.62 

E-7 

3.45 

1000 

0.1580 

200 

1.95 

E-7 

3.47 

1000 

0.1620 

240 

9.99 

E-8 

3.47 

1000 

0.1675 

230 

1.37 

E-7 

3.49 

1000 

0.1769 

320 

2.35 

E-7 

3.51 

1000 

0.1776 

360  • 

1.75 

E-8 

3.51 

1000 

0.1801 

400  . 

6.25 

E-8 

3.52 

1000 

0.1868 

440 

1.67 

E-7 

3.53 

1000 

0.1892 

480 

6.00 

E-8 

3.54 

M  *  A*  •» 

v/.x;:/ 

520 

6.25 

E-ts 

1000 

0.1931 

560 

3.50 

E-8 

3.55 

1000 

0.2023 

600 

2.30 

E-7 

3.57 

1000 

0.2045 

640 

5.75 

E-8 

3.58 

1000 

0.2084 

680 

‘  9.49 

E-8 

3.58 

1000 

0.2133 

720 

1.22 

E-7 

3.60 

1000 

0.2175 

760 

1.05 

E-7 

3.61 

1000 

0.2242 

800 

1.67 

E-7 

3.63 

1000 

0.2295 

840 

1.32 

E-7 

3.64 

1000 

0.2349 

880 

1.35 

E-7 

3.65 

1000 

0.2394 

920 

1.12 

E-7 

3.67 

1000 

0.2463 

960 

1.72 

E-7 

3.69 

1000 

0.2508 

1000 

1.12 

E-7 

3.70 

1000 

'  0.2566 

1040 

1.45 

E-7 

3.71 

1000 

0.2612 

1030 

1.15 

E-7 

3.73 

1000 

0.2652 

1120 

1.00 

E-7 

3.74 

1000 

0.2678 

1160 

6.50 

E-8 

3.75 

1000 

0.2703 

1200 

•  6.25 

E-8 

3.75 

1000 

0.2777 

1240 

1.85 

E-7 

3.78 

1000 

0.2038 

1280 

1.52 

E-7 

3.70 

1000 

0.2081 

1320 

1.07 

E-7 

3.81 

1000 

0.2906 

1360 

‘  6.25 

E-8 

3.81 

1000 

0.2936 

1400 

7.50 

E-0 

3.82 

1000 

0.2900 

1440 

1.10 

E-7 

3.84 

1000 

0.3120 

1540 

1.40 

E-7 

3.88 

1000 

0.3227 

1640 

1.07 

E-7 

3.91 
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